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Preface ... 
The importance of Physics is well known in the various field of the engineering. It is necessary for an 


‘engincer of any branch to know the basic concept of the Engineering Physics. With this intention the subject 
of “Physics” is included as one of the compulsory subject in the firs year of all degree courses in engineering. 


The titled “Physics” is designed to meet the new syllabus requirements of the first year Engineering 
students of Gujarat Technological University, Gandhinagar. 


T have no doubt to present new edition will be liked by all the readers, 

I wish to express sincere thanks to all who helped in making this book a reality. Lastly but not Icast. 
Tam very thankful to Shri Hemendrabhai Shah and Shri Bipinbhai Shah of M/S Atul Prakashan for taking 
pain in publishing this book. 


Useful and Constructive Suggestion from the readers for further improvement of this book will be 
appreciated. 


— Dr. D. M. Patel 
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1.1 INTRODUCTION : 
—<— 


* — We all know about two kind of materials in nature, i.e. conductors (Copper, Aluminium cic.) and Insulators 
(Wood, Plastic etc.) 


* Certain materials are neither good conductors nor insulators, their conductivity lies between conductors 
and insulators. 


‘These types of materials are known as semiconductors (i.e. Silicon, Germanium etc.) 
* — Almost all electronic devices (i.e. diode, transistor etc.) are made up of semiconductors. 
* Therefore, to study their characteristics and behaviour, we should be familiar with the basic physics of 
semiconductors in details, 
.2_ATOM AND ITS STRUCTURE : 
$< STRUCTURE : 
—*— All the materials are composed of very small particles called atoms, 
ee Atoms are made of 3 type of particles, 
1. Electron 
2 Protons 
3. Neutrons 
s- According to Bohr's model, an atom has a central 
a 


core called the nucleus, which contain proton and 
Neutrons. 


Neutron (+) 
Jee revolve around the nucleus in different m 
orbits. 3 


ee We know that, the electrons are negatively charged 

©, while the protons are positively charged (+) and Nucleus 
the neutrons have no charge, 
In the normal atom, the number of Protons equals Electron (-). 


the number of electrons. Thus an atom is electrically 
neutral. 


Proton (+) 


FIG. 1.1 : ATOM AND ITS STRUCTURE 
_ > The basic structure of an atom is shown symbolically in Fig. 1.1. 
1, Electron : 
—a0 Electrons are negatively charged particles which are moving with high velocity around the nucleus of atom 
in specific paths called orbits, 


Rei ‘The mass of the electron is 


7 Electron in denoted by « symbol ‘e+, 
wet hus a charge of 1,602 x 10-19 Coulombs (C), 


CEE eS Ul 


3 


SS 


2 Proton: 

+ Proton is a positively charged particle. 

It is more heavier than electron, mass of proton is 1.672 x 10°27 kilograms. 

+ Proton is denoted by a symbol ‘P+. 

It has a charge of 1,602 x 10-!? Coulombs (C). 

+ The charge of proton is equal to charge of electron but have opposite polarity. 
3._Neutron : Z 

* Neutron has no electric charge. 

* The mass of neutron is slightly higher than that of the proton. 

* Mass of neutron is 1.975 x 10-27 Kilograms. 


13 ORBIT LEVELS OF ELECTRONS IN AN ATOM : 
* The electrons are revolving around the nucleus in different orbits at a fixed distance from the nucleus. 
= Exh orbit or shell contains a fixed number of electrons. 
+ _ Generally, each orbit or shell contains a maximum 
of 2n? electrons where, n is the number of shell. By 
: just Substituting the shell number in ‘n' we can easily {shell = 2 electrons 


calculate number of electrons in each shell. 
oss shell occupy a maximum of two electrons i.¢., 2*.5011 « § electrons 
@x I? = 2). 
+ Second shell occupy a maximum of eight electrons 3" shell = 18 clectrons 
ie., (2 x 2? = 8). 
* _ Third shell occupy a maximum of 18 electrons ic., 
“2 x 3? = 18) and so on, ) 
* The electrons revolving around the nucteus in the Electron 
first shell which is closest to the nucleus is strongly FIG. 1.2 : ORBIT LEVELS OF 
attached to the nuclease of strong attractive force. ELECTRONS IN A ATOM 
° Electrons in first shell have Kast energy associated with it, 
* The electron revolving around the nucleus in the last shell which is farther away from the nucleus is 
loosely attached 10 the nucleus. The electrons in the outermost orbit or shell have hi est energy, 


1a’ VALENCE ELECTRONS : ; 


_> The electrons present in the outermost shell or orbit 
of an atom is called ax valence clectrons, 
* These electrons determine the electrical and Physical 
—Propenics of a material. The clectrons revolving in the 
Outer most orbit of a atom have highest energy level, 
54 ee rice are loosely uttached to the nucleus, 
Therefore, amount of energy Is required to Han 
sleciron from the outer most orbit, m 


Nucleus 


FIG, 13. VALANCE ELECTRONS 
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(1) When the number of valence electrons of an atom is less than 4, the materials ty usually Known ay a metal 


Examples are sodium, magnesium and aluminium which have 1, 2 and 3 valence electrons tespectiveiy 
(sce Fig. 1.4). 


Valence Valence 
electron «A electron 


i) 
FIG. 1.4 


(2) When the number of valence electrons of an atom is more than 4, the material is usually known as an 
insulator. Examples are nitrogen, sulphur and neon (sce Fig. 1.5). 


(3) When the number of valence electrons of an atom is 4, the material has both 


i metal and insulator properties 
and usually known as a semiconductor. Examples are carbon, silicon and 


germanium, (sce Fig. 1.6) 


Germanium 
cu) 


5 
Electronic Materials E 


FREE ELECTR‘ 
+ The electrons which are not attached to the ‘nucleus of a atom 


and free to move when external energy is applied are called free 
electrons, 


* Valence clectrons are loosely attached to the nucleus of a atom. 
When small amount of external energy in form of heat or light 
is applied to the valence electrons then they get pulled away from 
the parent atom and becomes free. 


+ The force of attraction of the nucleus does not act on the free 
clectron. The flow of free electrons in a material is called an 


electric current. The moving free clectrons will transmit electric FIG. L.7 ; FREE ELECTRONS 
current from one point to other. 


Materials which contain free electrons will conduct electric current. Material which docs not contain free 
electrons, does not conduct electric current. 


(1) A conductor is a substance which has a large number of free electrons. When potential difference 


re 
is applicd across a conductor, the free clectrons move towards the positive terminal of supply, 
constituting electric current. 


(2) An insulator is a substance which has practically no free electrons at ordinary temperature. Therefore, 


an insulator does not conduct current under the influence of potenti difference. 


(3) A semiconductor is a substance which has very few free electrons at room temperature Consequently, 


under the influence of potential difference, a semiconductor practically conduct no current. 


Syllabus Topic : Free Electron Theory 


AEE FREE ELECTRON THEORY : 


ry 2019, 2020 


1. Give assumptions of classical free electron theory, 


(January-2019, 3-Marks] 
2 Enlist the assumptions of free electron theory. 


[January-2020, 3-Marks} 


_~ Free Electron Theory was developed by Drude and Lorentz. 
* According to this theory, a metal consists of electrons 
— which are free to move abour in the crystal like 
_ Molecules of a gas in a container. 
The free electrons available in a metal move freely here 
and ther: during the absence of an electric field. 
oy an molecules moving in a vessel as shown in Sete 


. 
free ide with other free electrons ww oil 
—. electrons collide With ole ihe container, 1G: M6  ANSENCE OF THE ELECTRIC 
emerge coms or tic walls off : FIELD = FREE ELECTRON 
Wsions of this type are known as clastic coll coll 


lisions, 
The totat energy of an electron is assumed to o be purely Kinetic Energy (KE). 


Pn the other hand, suppose an electric field (I) is applivd to the material through an external arrangement 
8 shown in Fig, 1.9, 


Ss fice electrons available in the metal gain some amount of energy and ace di 
hither potentin| 


— 


xt to move towards 
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° se electrons acquire a constant velocity known 
as drift velocity vy. 


Free electron 


Paul Drude Hendrik Lorentz 
Paul Karl Ludwig Drude ( 1863 ~ 1906) 

He was a German physicist specializing in optics. He 
wrote a fundamental textbook integrating optics with 
Maxwell's theories of electromagnetism. He derived 
the relationships between the optical and electrical 
constants and the physical structure of substances. In 
1900 he developed a powerful model to explain the 
thermal, electrical, and optical propertios of matter. He 
explain the transport properties of electrons in materials 
(especially metals). 


Hendrik Antoon Lorentz (1853-1928) 
He was a Dutch physicist. Lorentz was interested in 
the electromagnetic theory of electricity, magnetism, 
nd light. His most important contributions were in the 
area of electromagnetism, the electron theory, and 
folativity. Lorentz theorized that atoms might consist of 
charged particies and suggested that the oscillations of 
these charged particles were the source of light. The 
experimental and theoretical work was honored with 
the Nobel prize in physics in 1902. 


Li he 


FIG. 1.9 : PRESENCE OF THE 
ELECTRIC FIELD - FREE ELECTRON 


Basic Terms Involved in Free Electron Theory : 
(See Ste ee 


= Velocity (v4) : 


It is defined as the average velocity acquired by 
the free electron in a particular direction during 
the presence of an electric ficld. 


| wae + 
) a of 
where, / = Distance traveled by electron 
1 = time 
Mgan Free Path (A) : 


* — The average distance traveled by an clectron between two successive co! 
of applied field is known as mean free path. 


be wr 


where, 2% = mean free path 


PAUL DRUDE & HENDRIK LORENTZ 


ions inside a metal in the presence 


¥ = Total velocity of an electron 


Relaxation Time (1) 


Hh The time taken by the free electron to reach equil 
of an electric field is called relaxation time, 


ium position from its disturbed Position in the presence 


Relaxation Time, + 


Gi 
where, 1 = Distance traveled by the electron 
¥q = Drift velocity 
Meun collision time (t,) ¢ 
ncaa i 


we 


The average time between wo consecutive collisions of an eh 
collision time, 


tron with lattice points is called 


where, A = Mean Free Path 


vq = Drift Velocity 

«This theory was developed by Drude and Lorentz and hence is also known as Drude-Lorentz theory 
Assumption of Free Electron Theory = 

se 


1. There exist a large no of free electron inside the metal. 
2. The free clectron situation is equated to gascous molecules in the container. 
3. The energy of an clectron at a given temperature ist = 3 KT, 
4, The force of attraction or repulsion betweeen like charge and unlike charge is ignored. 
5. The field due to positive ionic core is considered to be smaller hence neglected. 
6. The electrical conductivity in a metal is a consequence of drift velocity in presence of applicd 
electric field. 
1.7_ MOBILITY (w Free electron 
* Consider a conductor which is subjected to an 
aks o— oe 
electric ficld of strength E as shown in Fig. 1.10. e °- — = 
+ Consider that n is the concentration of the free ane ees H 
clectrons; mt, the mass and q, is the electric charge 
of the electron in the conductor. 
ae to Newtons’ second law of motion, the 
force F acquired by the electrons is equal to the ny 
| force exerted by the field on the electrons. E 
+ The force experienced by an electron with charge FIG. 1.10 : METAL - CONDUCTION 


. q in an clectric field E is given by 


a 


where, E = Applied electric field 
q = Charge of an electron 
and acceleration, 
roe = ne = Q) 


Mass m 
_2— Integrating Equation (2), we Ett 


2s fad = prea 


a= 


fa) 


where v is the velocity of the electron, C is an integration constant, and is obtained by applying the boundary 
conditions. During the absence of the electric field, the average velocity of the election is ero, 
ie, when t= 0, v = 0 

_Sistotinnting the above boundary condition in cugation (3), we get, C = 0. 


a , 
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* Substituting the value of C in equation (3), we get, 
Velocity of the clectron, 


ve (SF). we (4) 
m 


* Hence the average velocity is proportional to E. 
iy veE 


[yene] 


where, 1 = mobility of electron and its measured in m?/volt-sec._) 
Definition of Mobility : 


po Mobility of a charge particle can be defined as its avera.e velocity under the influence of a unit electric 
field Strength.) 


18 ELE€TRIC CURRENT IN A CONDUCTOR (METAL) : 


Consider a piece of a metal or conductor which electrons are uniformly distributed as shown’ in 
Hit. 


a Let, N =No. of free electrons distributed in the conductor (N electrons) 

L = Length of the conductor 
A = Cross-sectional area of the conductor 
wx know that when an electric field is applied to 
the conductor, the electrons start moving in the 

conductor. Therefore, the average velocity of the Towsection area 

‘ electrons — | 
: (=F) E FIG, 1.11 : METAL OR CONDUCTOR 
sd  (D 


where, T is the time taken by the electrons to travel through a distance. 
— number of clectrons passing through any area per second, 


T 


eee charge passing through any area per second (i.e., current) 


I = charge x number of electrons per second Passing through any area 


=gx 


ac cls 


=X 


aw 

7 

x 
cz az alz 


wee (2) 
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+ Thus, the current in conductor, 


+ Now, the current density ¥ 1\ 
Tae Toney, {: caren density (1= 5} 
A AL 
N 
Teas (i: 3 Ta = Concentration of electrons 


per unit volume 


18:1 Electrical Conductivity (6) of a Conductor 4 
4 


From the relation of current density, 


- I) 


We know that the current density is directly proportional to applied electric ficld. 
Ca 


Je«E 
where,  & = Conductivity of a metal 
E = Applied electric field 
Now, cempair equation (1) with (2), we get 


vo q:n-v=o-E 
*% g:n-(Q-E)=a-E Co ves p- BE) 


“ q:n-p=o- 


G=qin-p 


a re 


where, p = Resistivity of a metal 
H = Mobility of a metal. ) 


1.9 THERMAL CONDUCTIVITY (K) : 


‘rmal conductivity (K) is defined as the rate of heat flow (Q) across a unit area of a conductor temperature: 
" a 
radient | — |. 


(=) = Temperature Bradicnt ) 
Phyles (Groepett) 12021 12 


ee 


In solids, the conduction takes place both by available free clectrons and thermally excited lattice vibration, 


known as phonons. 
* — Therefore, the total conductivity is 
Kroat = Ketectrons + Kphonons Q) 
where phonons are the energy carriers for lattice vibrations. _) 
Metals : 


In case of metals, the concentration of free clecirons is very high. Therefore, electrons, in addition to 
thermal vibrations, absorb and transport thermal energy. Hence, the thermal conductivity of a metal is 
due to the free clectrons. (K,, >> Kononons)» 


GB) 


Insulators = 


* In insulators, the thermal conductivity is due to atomic or molecular vibration of the lattice, 


Semiconductors : 


The thermal conductivity is due to both electrons and phonons. 
Therefore, 


_7 VERIFICATION OF OHM’S LAW : 
*__ The free clectron theory is used to verify Ohm's law. 
In order to verify the same, consider that the steady-state current density can be written as 
— 
* We know that the current density J = I/A, the conductivity o = 
t= = V/d, Therefore, equation (1) is given by 


Gd) 
Wp, and the electric ficld intensity 


» 2) 
~ Q) 
where, p = Resi 
* — Substituting the value of p from equation (3) in equation (2), we get, 
on ) 


* — Equation (4) states the Ohm's law, It is clear from the ‘above equation that Ohm's law is verified using 
——Tice electron theory. 


At FREE ELECTRON THEORY - ADVANTAGES AND DRAWBAC! 


1. Give success and drawback of classical free electron theory, [Junuary-2019, 3-Marks| 
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Advantages : 
(1) It explains the electrical conductivity and thermal conductivity of metals. 
aes It verifies Ohm's law. : 
_-G)—I1 is used to explain the optical properties of metals. 
Drawbacks : eee 
(1) It fails to explain the electric specific heat and the specific heat capacity of metals. 
<2) It fails to explain superconducting properties of metals. . 
eg It fails to explain new phenomena like photoelectric effect. 
It fails to explain electrical conductivity of semiconductors or insulators. 
pe) The, free electron model predicts the incorrect temperature dependence of 6. According to the free 
electron theory, ¢ o T-! =. 3 oT mn 
(6) It fails to give a correct mathematical expression for thermal conductivity. 
—D Ferromagnetism can not be explained by this theory. 
_{8) Susceptibility has greater theoretical value than the experimental value. 


142, ENERGY LEVEL : 


. h orbit has fixed amount of energy associated with it. 


eae electrons moving in particular orbit possess the 
energy of that orbit. The larger the orbit, the greater 


is its energy. It becomes clear that outer orbit , 7 
Possess more energy than the inner orbit electrons. 

* A convenient way of representing the energy of "7? 
— different orbit is shown in Fig. 1.12. This is known 
eeicucrpy iovel_ diagram, 0 OY ffr~mmnwmmmnwwwne= 


te first represents the first energy level, the second Nucleus 
orbit indicates the second energy level and so on. FIG. 1.12 : CONCEPT OF 


ENERGY LEVEL 
+ he larger the orbit of an electron, the greater is its energy and higher is the energy level. 
1.13 ENERGY BAND : 


In case of single isolated atom, the electrons in any orbit possess definite energy. However, an atom in 
a solid is great influenced by the closcly-packed neighbouring atoms. 


n 
“6 
y i 
YW 
Nucleus Badge of Nucleus 
10} (ii) 
FIG, LS ERGY HAND 
lth fesult is that the electron in any orbit of such an atom eat have a range of energies rather than 


@ single energy. This is known us energy band. ) 


, " 
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the fange of energies possessed by an electron in a solid is known as 


gy band. 
Each orbit of an atom has a single energy. Therefore, an electron can have only single energy corresponding 


<—~ {to the orbit in which it exists. )  ~ 


1.13.1 Important Energy Band in Solids : 
as eet SS 


}. Valence band : 


2. Conduction band : 


However, when the atom is in a solid, the electron in any orbit can have a range of energies. Mor instance 
clectrons in first orbit have slightly different energies because no two clectrons in this orbit see exactly 
the same charge environment. 


Since, there are millions of first orbit electrons, the slightly different energy levels form a band, called 
1 energy band (see Fig. 1.13). 


The clectrons in the first orbit can have any energy range in this band. Similarly, second orbit clectrons 
form second energy band and so on. 


There are a number of energy bands in solids, the following are 
of particular important energy band in solids (sce Fig. 1.14). 


The range of energies (i.c., band) possessed by valence: clectrons 
is known as valence band. 


The range of energies (i.c., band) possessed by conduction electrons 
is known as conduction band. 


Forbidden enei : 


The separation between conduction band and valence band on . . 
energy level diagram is known forbidden energy gap. FIG. 1.14 : ENERGY BAND IN SOLIDS 


Syllabus Topic : Energy Band Diagram = 


« 


IEE ENERGY BAND DIAGRAM : 
STU Questigns 
1. Write a note on energy band diagram and formation of energy bands. 
__= The graphical representation of the energy band diagram is shown in Fig. 1.15. 


[May-2019, 7-Marks] 


Eo ‘The are three type of cnergy bands as given below : Energy 
1. Valence Bund ; 
* — The electrons in the outermost orbit of an atom are Conduction 
known as valence clectrons, ad Forbikdon 
Bes! band of energy occupied by the valence — Valence epengy BAP 


we may be completely filled or Partially filled with 


electrons is culled valence band, 5 Baad 
Mt contains the electrons of highest energy, 


ANAT AAA A 


electrons but can obviously be ever empty, 1" Gand 
Mt is shown in Pig. 1.15, 


Conduction Band ¢ FIG, LS) ENERGY BAND DIAGRAM 
* — In some of materials (e.g. metals), the valence elecuons are foose 


detached very easily. 


attached to the nucleus and can be 


_ 
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— 


+ These electrons are known as free electrons, These electrons are responsible for the conduction of current 


sg For this reason, these electrons are‘also known as conduction electrons. 
<The energy band occupied by the conduction (or free) electrons is called conduction hand, whieh 
_-— is shown in Fig. 1.15. are 
: + Iemay either be empty or partially filled. If a substance has empty conduction band, it means conduction 
lator. 


of current is not possible in that substance and it is known as i 
3. Forbidden Energy Gap : 
The energy gap between the valence band and cond 


n band is known us forbidden energy gap. 


+ Wis shown in Fig. 1.15. 
_777 \is a region in which no clectron can stay because there is no allowed energy state. ‘The width of the 


forbidden energy gap represents the bondage of valence electrons to the atom. 


* The greater the forbidden energy gap, more tightly the valence electrons are bound to the nucleus. To 
make the valence electrons free, external energy (heat, light; radiation’etc.) equal fo the forbidden energy 
gap must be supplied which moves the clectrons from the valence band to the conduction band. 


Syllabus Topic : Density of State 


SS 
1 Je DENSITY OF STATES : 
* The Density of Statcs (DOS) is essentially the number of different states at a particular energy level that 
electrons are allowed to occupy, ic. the number of electron states per unit volume per unit cnergy. 
Definition + 


* Density of state Z(E) dE is defined as the number of energy states N(E) dE per unit volume in an 
“energy interval dE. 


Division of sphere 


FIG. 1.16 = 


HERES SHOWING DENSITY OF STATES IN a-SPACK 


4 cane ar aie ZO) re ae NE 
volume of the specinen 


* — Connider that the sphere is further divided into number shells as shown in Fig. 1.16. 
‘Therefore, cach shell ix represented by a set of quantum numbers (4, ny and a) and will have an associated: 


energy. 


et & 


re Physics (Group-11) 


fT 


* Let E be the energy of the point which is same for all points present on the sphere. Therefore, the radius 
of the sphere with energy E is 
nde ane 
* Consider a sphere in n-space. Associated with this sphere volume will be 
5) 


y= gm w Q) 


= Equation (2) represents the total volume of the sphere. We know that the quantum number n,, ny, 2_ takes 
only the positive integral values and hence, one has to take only one octant in the sphere i.c., 1/8 of 
the total volume of the sphere. 


* Therefore, the every states available within one octant of the sphere of radius n and its encrgy 1: is 


= 14 a8 
~ [407] = 


Similarly, the energy states available within one octant of the sphere of radius n + dn and its energy 
E+ dE is 


[4 
= g[fre+an] a (A) 


Therefore, the number of energy states available within the sphere of radius n and n + dn is obtained 
by finding the energy difference between the two energy levels namely E and E + dE, 


N(E) dE = € + dE) - (E) 


N(E) dE = z[$xo+am]-4]4 xn] 


= ($F) +dny —n} 
Expanding (n + dn), we get, 
N(E) dE) = F (n? + dn? + 3n? dn + 3ndn® — n°) 


Simplifying the above equation (5) using 
(a + bP = @ + b+ 30% + 3ab, we get, 


N(E) dE) = rica +3n? dn + 3ndn?) 

Neglecting the higher powers of dn i.c., dn® and dn, we get, 
Nek) as) = F Gr? dn 

Simplify the above equation, we get, 


NEE) de = Fn? dn (6) 


[nce de = En (ndny Pare) 


Consider a cubic metal piece svith cube edge a, Therefore, the energy of electron within the cube is, 
24,2 
py 2h 
mat 
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«  Rearranging the above cquation, we get, 


2 
r= “ E ae OB) 
h 


9) 


ie,  2ndn = 


dE oe (10) 


ay 


the value of n and ndn from the equation (9 and (11) in equation (7) we get, 
x(8ma%e)" (8ma* 
noe 3(te*) (@)* 
+ Simplifying the above equation, we get, 
UE 


2 2 
N) de = © Sma") BIg 


r 
where, a? is the volume of the metal piece. 


+ According to Pauli's exclusion principle, we know that two electrons with opposite spin occupy each state. 
Therefore, the number of energy states available for clectron occupancy is 


we (12) [unit volume, a? = 1] 


= Equation (12) is the effective number of energy states in a volume @ with energy between E and Ei + 
dE. The number of available cnergy states per unit volume @=t. 


* We know that, 


Density of states | Z(E) 40) = NO * 


* Substituting the value of N(E) d(E) and V = a® = J, in the above equation, we get, 
Density of states 


ww (13) N 


* Equation (13) Is the density of cnergy states i.c., charge carrier 
in the energy interval E and E + dB, One can determine the cartier 
concentration in the metals and semiconductors using the above 
equation. 

From equation (13), we get, ee 


4,17 + VARIATION OF 
DENSITY OF STA’ wr 
ic., the density of sates curve iy a parabola as shown in Hig. 1.17, ELECTRON 


eS oe rN 
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PENNY MODEL : LGTU, January-2019) 


Consider the one dimensional periodic arrangement 
of positively charged ions inside a crystal as 
shown in Fig. 1.18. aa 
* The motion of the free electrons inside the 
positively charged ion core is shown in Fig. 
. 1.18(a). 


* In order to find the allowed energies of electrons 
Weg solids, we have to apply Schrodinger wave 
equation for an clectron in a crystal lattice. Fig. 

1.18(b} shows the actual potential as seen by an 

electron in the crystal lattice in one dimension. 


Kronig and Penny suggested a simplified model 
consisting of rectangular potential wells separated 
by barriers. 7 


Ralph Kronig 
Ralph Kronig (1904-1995) 


He was a German American physicist. He is noted for 
the discovery of particle spinand for his theory of x-ray 
absorption spectroscopy. His theories include tho 
Kronig-Penney model, the Coster-Kronig transition 
and the Kramers-Kronig rolations. The Kronig-Pennoy 
Modol (1931) is a one-dimensional modal of a crystal 
that shows how the electrons in a crystal are disporsed 
into allowed and forbidden bands by scattering from the 
extended linear array of atoms. 


William Penney 


This one dimensional representation of periodic 
fice is known as Kronig-Penny model and is 
shown in Fig. 1.18(c). 


RALPH KRONIG & WILLIAM PENNEY 


William George Penney, (1909 -1991), 
He was an English mathematician and Professor of 
mathematical physics at the Imperial College London. 
He had made significant contributions to the application 
of colisions, explosion events that croated shock waves 


Tons 
Distance between ions 


G)}—G 


Of oO 
® 
® 


Oo @ 
® OO 


(2) Motion of Hectroa 


Actual 
Potential 


(0) 


i 
H 
Vv i 
‘ 
Potential \ | 


‘ 
1 
i 
{ 
' 


(b) Potential cnergy variation 


Kronig-penny 
model poteatiul 
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own in Fig, 1.18(b) So, 
ps and shown in Fig. 1-18(c). 


Sal is difficult to solve Schrodinger’s wave equation with varying pot 
ig imated the: inls shape ta 
Kronig and Penny approxima ed these potentials to the shape of rectang! 

. is model is called Kronig Penny model of potentials. 
a 
‘* Assuming atomic-ions to be at rest and a single electron moving through the periodic potential as shown 
in Fig. 1.19 such that it is zero at atomic site. 2 
Ue 


= — The potential of electron for the two regions can be expressed as 


_ 


Vie 0 for region 1(O0< x<a) Ww 
3=1- Vo _ for region Il (-b <x <0) i 


a+b) -b 0 a (a+b) x— 


* FIG. 1.19 : PERIODIC POTENTIAL IN WHICH ELECTRONS MOVE IN A SOLID AS PER K.P. MODEL Vo 
— ~ BUT Vya = FINITE. POTENTIAL IS TAKEN AS ZERO AT THE SITE OR ATOM-ION 


— Schrodinger’s equations in the two regions are given by 
Region-I (0 < x < a) 


: dy, mE, 
ay, Ey 20 2 
re rt v ae (2) 
b. Il (-b < x < 0) 
dy ms Ss 
BNO) Nea iv) 


Bes a and B are two postive constants 
ae ~ @ 
and B2 « ) E 
B ia nen  ) 


wa» (6) for region | (0 < x < a) 


w= (7) for region I (-b < x < 0) 


ped general solution of above equations according Bloch theorem are 
— 


) [Va=e™ mo] arty) 


where, wis) ey (xe ta + ly 
Payton (Croup ty LYONS 
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Differentiating equation (8) with respect to ‘x Twice and substituting in equation (6) and (7) and apply 
— boundry conditions and solving. —— . 


= We get the solution 


aa : 
SS is also called as kroning - penny equation. 
where,  P = scattering power of the potential barrier 


OUp-I1) 


> m+ Vob a 
vz Ps Re 
Vob = Barrier strength 9) 
tin ca 
P oo 


FIG, 1.20 : A PLOT OF (a) THE FIRST TERM IN EQUATION (10), (b) THE SECOND TERM IN 
EQUATION (10) AND (c) THE ENTIRE J(Ga) FUNCTION, THE SHADED AREAS SILOW THE 
ALLOWED VALUES OF (aa) CORRESPONDING TO REAL VALUES OF K 


* — The equation (10) is a conductio 
if the wave function 
potential. 

‘This equation contains wo variables 


RUS of this equation “conka"* 


n of existence of solution of electron Wave function. It must be satisfied 
“yw" (given on the basis of Bloch theorem) is to Fepresent an clectron in a periodic 
ia and k, 


can have values only bewween ~1 and +1. 


* If a graph of P nee +cosaa vs ta in plotted, 


— - en ln 
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* it is shows that at certain values of ca, the curve crosses +1 along axis. 


* As the value of aa and hence the energy of an electron increases, the width of allowed cnergy bands 
increases, This is because the value of the first term in LHS of equation (10) decreases as Ga increases, 


+ To obtain expression for energy of an clectron for two cases (P — 0 and P — =). 
Case-1 : P > 0 
* In this case equation (10) will become 

cos Ga = cos ka 


ve aa = ka 


[- P=Ak 


* The above equation gives the energy of a free electron. 
Case-2 : P > = 
* Let us rewrite cquation (10) as 


aa (coska — cosa) 
P 


sinaa = 
4 P73 <0 
a sinaa = 0 
oo Ga = nn 
n=l, 2, £3, 


us 
o @= ae 


* Comparing equation (11) with equation (4) we get 


ok _ wer? 
eee 


* Thus, P — © in equation (10) leads to free electron theory, 


* [tis clear from the Case-1 and Cuse-2 that the Drude-Lorentz models are particular cases of Kronig-Pear 


model. 


~ AD 


wy (12) 


ney 


Physics (Group-11) 


FECTIVE MASS OF AN ELECTRON : 


Let an external field E is applied on the electron whea it is ina vacuum 


shown in Fig. 1.21, 
+ Let Fy be the force experienced by the electron when an external 
ex 
_~ field is applied in a vacuum. 


wi FP, =imea FIG. 1.21: “TRON UNDER 
bed THE INFL INCE OF AN 
: Fat oo ELECTRIC FIELD 


Let the an external field E is applied to the electron when it is in a crystal shown in Fig. 1.22. 
Let F.,, be the force experienced by the electron when an external 
field is applied in a crystal, 


ae 
Fog = mt sa 


= rel ¢)} 


where, m* = Effective mass_) 


So, the same magnitude of electric field (E) i: applied to both electrons 
in vacuum and inside the crystal, the electrons will accelerate at a 
different rate from cach other due to the existence of different 
Potentials inside the crystal. ” i ; 


° electron inside the crystal has to try to make its own way. 
wes So the electrons inside the crystal will have a different mass than 


Crystal 


FIG. 1.22 : ELECTRON UNDER 
THE INFLUENCE OF AN 


that of the electron in vacuum. 
*_ This altcred mass is called as an effective-mass, 


ey 


* The effective masses of electrons in different metals are shown in Table-1. 


Table-1 = Effective masses of electrons in different metals 
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Syllabus Topic : E - k Diagram 


be a 


1.18 E - k DIAGRAM : 

+ E-=k& diagram shows the relationship between the energy (E) and momentum (k) of available states 
“Tor electrons in the materials, 

= The sign of the effective mass (m*) is determined directly from the E-& diagram. 

+ _ An E — k diagram shows characteristics of a particular semiconductor material. 

+ The energy E of a free clectron is given by 
— 


where, k is the momentum and mm is the free-electron mass. EB 
— If we plot E vs. k, we obtain a parabola as shown in 

Fig. 1.23. 

Stall ‘semiconductor crystal, an electron in the conduction 
band is similar to a free electron in the it is relatively free 
to move about in the crystal. i 

. lowever, because of the periodic potential of the nuclei, 
equation (1) can no longer be valid. 

. lowever, it tums out that we can still use equation (1) K 
if we replace the free-electron mass in equation (2) by an o 
effective mass m*. P : : FIG. 1.23 : THE PARABOLIC 

ENERGY (E) VS. MOMENTUM (K) 


5) ow ty CURVE FOR A FREE ELECTRON 


ATION FOR EF - 
Consider an electric field of strength E is applicd to the crystal, : 


Za The force exerted by the electron in the crystal is 
=a F=-q-E . 
“= ma we 


ea to quantum concept, the electrons behaves as a wave and hence, the group velocity is 


S 


where, w is the angular frequeucy, k is known as wave vector or wave ber and its value is equal 
I sD Ae 
to 2nh. 
—— 
ewe know that the energy of the ¢lectron 
E=ho 
* Differentiating the above equation, we get, 
dE = hdw 
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acceleration exerted by the electron is obtained by 
eller gpeaee esi 7 
* The acceleration exerted by the electrons 


avy rae) 
(5) 


* — One can determine the energy gained by the electron by 

= considering the E ~ k diagram of the conduction band 
as shown in Fig. 1.24. 

When an clectric field is applied, the electron gains energy 4 

and hence, it moves form one k value to another k value FIG. 1.24 ; E-k DIAGRAM OF 

in the E — k diagram. az CONDUCTION BAND 


The accelerated electron coincides with lattice vibration and hence, random Scattering of clectrons takes 
Place. The scattered electron takes into another & value as shown in Fig. 1.24: i 


sg Thus, the group velocity of the electron is “determined from the gradient of the E - k diagram. 
s LF, 


‘xt be the extemal force acting on the electron by the application of external Tiel, 


. a oe 
* _ The distance moved by the electron when it acquires energy externally is dt. Therefore. the energy gaincd 
_—— by the electron é a 
dE = Foy vy dt «+ (6) 
* _Rearranging the above equation, we get, 
a * F,,, = 46 
a ~ 
. tut the value of Vy from equation (4) in the above equation, we get, 
— ae ieee |... Av 
Fi, = hy = he ES 
paras 4 uh 
* ; : ae) 


wists dk 
ey Substituting the value of F from equation (8) in equation (5), we get, 


e-—5 asl .dty . Fext 
2 el Sy ‘ Uke we os (9) 
. Comparing the value of a with a = F 


m’ “S Bet, 


Fome 


Habus Topic : Direct and Indirect band gaps. 


L ‘PIRECT AND INDIRECT BAND GAPS : 119, Ma 
4 WAT st 


1. Explain direct and indirect band gap with E-k diagrams. 
2. What are direct and indirect band gap ? 
3. Give the difference between Direct and Indirect band gap. 


1. Band Gap : 
_-7 The band gap represents the minimum energy difference between the top of the valence band and 


the bottom of the conduction band. 
+ However, the top of the valence band and the bottom of the conduction ban: 
—— same value of the electron momentum. 


{Junuary-2019, 7-Marks] 
{May-2019, 3-Marks} 
[January-2020, 4-Marks] 


dare not generally at the 


2. Direct Band Gap : 
2m a direct band gap semiconductor, the top of the valence band and th 
occur at the same value of momentum, as in the sche below. 
+ When au electron sitting at the bottom of the conduction Band recombines with a hole 
<—~ of the Valance Band, there will be no change in momentum values, 


. SEAS is conserved by means of emitting a photon, such transitions are called as radiative transitions. 


he bottom of the conduction band 


sitting at the top 


“4 gE 


FIG. 1.25(a) + DIRECT BAND GAP FIG, 1.25(b) ; DIRECT BAND GAP 


q irect band gap semiconductors are capable of photon etission, by radiative recombination, but indirect 
semiconductors have a low probability of radiative recombination, =~ 
ind Gup + 
* In an indirect band gup semiconductor, the maximum energy of the valence band occurs at a different 
value of momentuin when comparing with the minimum in the conduction band. 
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Minimum 


‘band » 
Ss ~---= Maximum 
of valence 

band 


“FIG. 1.25(c) : INDIRECT BAND GAP FIG. 1.25(4) : INDIRECT BAND GAP 


a an indirect-band gap material; the minimum of the conduction band and maximum of the valance 
band lic at different k-valucs, 
* When an electron and hole recombine in 


an indirect-band gap s/c, Phonons must be involved to conserve 
Momentum, 


In indirect band ap semiconductors may have is electron 
and therefore the recombination from these siate: 


Direct Band Gap (DBG) Semiconductor 


A direct band-gap (DBG) semiconductor is one 
in which the maximum energy level of the valence 
band aligns with the minimum energy evel of the 
condiction band with Fespect to momentuin. 


ic impurity states or Defect state which are direct, 
S may also be radiative, > 


Indirect Band Gap (IBG) Semiconductor 


A indirect band-gap (DBG) semiconductor is one 
in which the maximum energy level of the 
band are misaligned with the mi 
level of the conduction b: 
momentum, 


valence 
nimum energy 
and with respect to 


In a DBG semiconductor, a direct recombination 
takes place with the release of the energy equal o 
the energy difference between the recombining 
particles. ~ 


vn 


Due to a relative difference in the momentum, 
first, the momentum is Conserved by release of 
By and only after both’ the mome 

Ives, a recombination occurs a 
, with the release of energy. 
3. The Probability of a radiative 
much less in com) 
semiconductors 


‘ompanied 


‘The efficiency factor of a DBG semiconductor is 
much more than that of an IBG semiconductor, 


4. The mod thoroughly investigated and studied 
DBG semiconductor material ix Gallium Arsenide 
(GaAs) 


recombination, is 
Parison to that in case of DBG 


4, The wwo well-known intrinsic 
Silicon and Gi 
semiconductors, 


semiconductors, 
Wim are both RG 


DBG semiconductors are always preferred over 


the IBG semivonductors cannot be_ used to 
IBG for making optical sources. 


Manufacture optical sources, 


‘Syllabus Topic : Types of Electronic Materials 


121 TYPES OF ELECTRONIC MATERIALS : 


1,_Metals : (Cowductor ) 

=~ The substances (like copper, aluminium, silver ete.) which allow the 

passage of current through them are known as conductors. 
materials have free electrons for electrical conduction. 

= _ In terms of energy bands, the valence band of these substances overlap 

the conduc! band “as shown in Fig. 126(a)! 

Up to this overlapping, a large number of free electrons are available for 
conduction. In fact, there is no physical distinction between the two bands. 

1 Fence, the availability of large number of conduction electrons is possible. 


* This is the reason why a slight clectric field applied across such substances FIG. 1.26(a) 
— causes a heavy flow of current through them. Energy Band in Metals 


2_emiconductors + ; 


ie 


* _ The substances like carbon, silicon, germanium ctc. whose electrical 


~~ conductivity lies in between the conductors and insulators are known 
‘as semiconductors. 


Empty conduction band 


Boe Although the valence band of these substances is almost filled and 
conduction band is almost empty as’ in the case of insulators, 


But the forbidden energy gap between valence band and conduction band 
——~ is very_small (nearly | eV) as shown in Fig. 1:26(b). 


‘Therefore, comparatively a smaller electric ficld (much smaller than 


FIG. 1.26(b) “insulators but much greater than conductors) is required do not conduct 
Energy Band in Semiconductor current and behaye as_an_insulator. 


° However, at room temperature, some heat energy is impiited to the valence electrons and a few of them 
(about one electron for 10'° atoms) cross over to the conduction band imparting minor conductivity wo 
the semiconductors. 


= the temperature is increased, more valence electrons «ross over to the conduction band and ¢ sctrival 
conductivity of the materials increases. 


3. Insulators + 


* The substances (like wood, glass, mica ctc.) which dovot allow the 
flow of electric current through them are known iy insulators, 
‘The valence band of these substances is full whereas the conduction band 
is completely empty. Valance electrons are bound very \\;hily to their 

Parent atoms. 

So the forbidden energy gap between the val 

band is very large (neurly 6 cV) as sho 
teflon: a large amount 

fequired to push the valence 
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Empty conduction ban 
Rorbaldon 
energy Bap 


SS 


Band Energy (eV) 


¢ band and five conduction 
Fig 120004 


f chergy Le. a very high ef trie field is a 


ow) 
ctrons (0 the conduction band, ahi 


6 
=e 


insulators. 


is the reason why such materials under ordinary conduction do not conduct at all and are ki 
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1. Valence band conduction bands | Valence band conduction bands do 


‘overlap with cach other. 


Conductivity is medium. 


Resistivity is medium, 
‘They have -Ve temperature 
Coefficient of resistnace. 


Charge carriers are electrons and 


holes 


_--233 FERMI ENERGY : 
kas 


* __ In physics, there are several lypes of energies associated with 
—— the atom, like heat energy, electrical energy, light energy etc. 
* But we know that the atoms and molecules can be described 
—— by quantum mechanics, The quantum mechanics is very twicky 
: and complex ficld. 


_ In the quantum mechanics the scientists rely on the Fermi 
energy to define the energy of the clectrons of protons. 
Definition : 


The Fermi energy is the energy of the highest level of 
ee 


quantum state which is occupied by the fermions (like 


* The Fermi energy is useful in 
electrical characteristics of the 
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1. Explain fermi levels, 


jJanuury-2019, 4-Murks! 
——__Junuury-2019, 4 


Energy gap is ery high 
ic. Eg = 6 eV 


Conductivity is very less or zero. 


They have ~Ve temperature 
Coefficient of resistnace. 


No Charge carriers. 


Enrico Fermi (1901 ~1954) 


He was an Italian and naturalized: 
American physicist and the creator of 
the world's first nuclear reactor. Fermi 
Held several patents related to the usc 
of nuctear power, and was awarded tho 
1938 Nobel Prize in Physics . Form) 
followed with a paper in which he 
applied the principle to an ideal gas, 
employing a statistical formulation now 
known as Fermi 


ENRICO FERMI 


I8i0n principle 
af@ Called “lormions*, He dovoloped tho 
Fermi age equation. 


U 
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3 


'« _ Fermi level is in between the valence band and 
Jevie___ 
N 
NEN 
between valance band and conduction band. So Metal ‘Semiconductor Insulator 


the conduction "band. 3 
+ For metals the Fermi Level is inside 
u#” conduction band while in the case of the semi 
it is i ible fi ii 
aco 2 siecle, ea ial eictors nie FIG. 1.27 : FERMI LEVEL 
1.25 FERMI_ FUNCTION + 


Definition: 
. The Fermi Level is the highest energy level which un clectron cam occupy at the absolute *ro 
conductor it exists between the conduction and the 
valence band at absolute zero temperature. 
> The Fermi Function is also known as Fermi-Dirac probability function. 
+  f(E) is given by relation 


_7_femperature. Overlap 
+ case of the instr the leg, cory, Bp NW 
— 


~ @) 


where, k = Boltzmann constant, ¢V/°K 
T = Absolute Temperature 
Ey = Fermi level for the crystal 
E = Energy level of an allowed state 
+ Equation (1), the probability function /(E) lies between 0 and 1. Hence, there are three possible probability 
= namely : 
f®)=1 100% Probability to occupy the encrgy level by electrons. 
SE) =0 No probability to occupy the energy levels by electrons and hence is empty. 
J(E) = 05 50% Probability of finding the electron in the energy level. 


Probability of occupation at T = OK, and E < Ey. 
Substituting the above conduction in equation (1), we get 


we (2) 
y Q 
* From equation (2), clearly indicates that at T = OK, the energy level below the Fermi cnergy level 1 

is fully occupied by electrons Icaving the upper levels vacant. Therefore, there is a 100% probability that 

the electrons to occupy energy level below Fermi energy. 

ConeH : 
~ © Probability of occupation a T = OK, and E > Ep. 
* Substituting the above conduction in equation (1), we get 
U 1 1 


{Be 1" Ts se 
* Therefore, ) » 
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From equation (3), clearly indicates that at T = 0K, the energy level below the Fermi energy {o 
. . 


Vel | 


7 ility for the electrons to occupy enerpy ), i 
is unoccupied ic., vacant. Therefore, there is a 0% probability BY kong 
above the Fermi energy level. 
‘Case-IIl 
SEMMS Probability of occupation aT = O'and E = Ep. 
* Substituting the above conduction in equation (1), we get 
Te ae Lnereiy La Re Ys 
iP Ree Gis 2 
+ Tela ; . 4 
* — From equation (4), clearly indicates that at T = 0 K, there is a 50% probability for the electrons to occupy 
Fermi energy level. 
Cash-IV : 
* At High temperature (T > 0K) ic, T<ok 
KT >> Ex or E,: of T= 0, 
At higher temperature, electrons are excited above the 
Fermi energy level which is vacant.) T,>T, 
Therefore, most of the ¢lectrons are lying in the deep 
conduction band without any disturbance. 
Since, the energy KT is not sufficient to make any Ta 
transition to an unoccupied level, - 
is Snerey is sufficient to make a jump to higher level Br = 
these electron lost the quantum mechanical properties and FIG. 1.28 ; THE FERMI-DIRAC 
the traditional classical Boltzmann distribution function, DISTRIBUTION FUNCTION 
Syllabus Topic : Phonons 
Phonons are Particle representation of vibrations in a crystal. 
The phonon is a vibration of the atomic lattice. 
Sn normal ¢j atoms vil a8 2 result of thei i energy. The higher erma e 
the , the vibrational eee “sult of their thermal energy. igher the thermal energy, 
—*~ Ima solid lattice, independent vibration 


wave 
unit oF a packet of mecharas,® defined mo 


Like photons, phonons exist 


[ A = hy 
where, AE = energy change, 
A = Plank’s constant 
v = frequency of vibration, 


mo mentum and energy and can be conside, ‘ 
5 neti ; vibrational nergy.) just as a photon oh considered to: be a Packet ¢ 


with di seas , . 
accordance with the Plank relany, pare Amounts of energy : they can only accept oF tose 


~ vibrations pass from atom to atom. 
® wave at a single frequency, When 


red 10 be a qua 
of 


energy in | 
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+ Phonons can carry heat and sound through condensed states of matter ~ i.¢. through solids and (some) liquids. 
* Phonons also play a major role in determining the heat capacities of solids and liquids. 


Explain atom and its structure, (Refer Section-1.2) 
2. What do you mean by valance electrons ? (Refer Section-1.4) 
3. What do you mean by free electrons ? (Refer Section-1.5) 
4. Explain free electron theory. (Refer Section-1.6) 
5. Explain Drude and lorentz model of free electron theory with assumptions. (Refer Section-1.6) 
6. Define following terms : 

(1) Drift velocity (Refer Section-1.6) 

(2) Mean free path (Refer Section-1.6) 

(3) Relaxation Time (Refer Section-1.6) 

(4) Mean collision Time (Refer Section-1.6) 

(5) Mobility (Refer Section-1.7) 

(6) Fermi Energy (Refer Section-1.22) 

(1) Fermi Level (Refer Section-1.23) 
7. Derive the expression for electrical conductivity based on free electron theory. (Refer Section-1.8) 
8. Derive the expression for thermal conductivity based on free electron theory. (Refer Section-1-9) 
9. Explain advantages and drawbacks of free electron theory. (Refer Section-1.11) 
10, Write short notes on energy band diagram, (Refer Scction-1.14) 
11. Derive the mathematical expression for density of states. (Refer Section-1.15) 
12. Write short notes on Kronig Penny Model. (Refer Section-1.16) 
13. Write short notes on E-k Diagram. (Refer Section-1.18) 


14. What is meant by effective mass of an electron? Drive an expression for the effective mass of an 
electron. (Refer Section-1.19) 


15. Explain direct and indirect band gaps. (Refer Section-1.20) 

16. Explain various types of electronic materials. (Refer Section-1.21) 
17. Write short notcs on ; 

(4) Fermi Dirac distribution (Refer Section-1.24) 

(2) Fermi energy at T = OK and T > OK, (Refer Section-1.24) 

(3) Significance of fermi energy. (Refer Section-1,24) 
What do you nican by phonon ? (Refer Section-1.25) 


Note to the Students + 
> Below Questions are from previous GTU Examination Papers: 


1. Give uxsumptions of classical free electron (heory, w 
Ans, + Refer Sectlon-1.6 


—— ee eee 
4 2 Explain Kronig Penney model in detail. 

Ans. : Refer Section-1.16 

3. Explain fermi levels. at 

Ans. : Refer Section-1.23 

4, Explain classification of materials as conductors, insulators and semiconductors. = 
Ams. : Refer Section-1.21 ; 

S. Explain direct and indirect bartd gap with E-k diagrams. \—~ 

| Ans. : Refer Section-1.20 


1&) Give success and drawback of classical free electron theory, ee 
Ans. : Refer Section-1.11 


10. Enlist the assumptions of free electron theory, 
Ans. : Refer Section-1.6 vo 


Le Zhe thermal and electrical conductivity of Cu at 20°C are 390 W, -'K- 
a a : im 'K- and 5.87 x 107 (Qm)-! 


respectively. 


L = 2.26756 x 10% woK2 


12. Explain how the rans 5 
energy band diagram, 


classified into Conductors, semiconductors and insulators on the basis of 
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.. May-2019, January-2020, March-292, ) 


P-N Junction : asi | 
- ae Behaviour of a PN Junction Under Biasing 


2.12.2 Forward Biasing 
2.12.3 Reverse Biasing ; 

2.13 Metal-Semiconductor Junction .... 
2.13.1. Metal-semiconductor (M-S) Junction | 
2.13.2 What is a Schottky Barrier ? 
2.13.3 Schottky Diode Definition | 

~2.13.4 Symbol of Schottky Diode 
2.13.5 Forward Biased Schottky Diode | 
| 


se Mareh-202) 


.. January-2029 


2.13.6 Reverse Bias Schottky Diode 
2.13.7 V-I Characteristics of Schottky Diode 


2.14 Semiconductor Materials Used in Optoclectronic Devices % | 
2.15 Comparison Between n-Type and p-Type Semiconductors January-2019, March-2021 | 
2.16 Difference Between Intrinsic and Extrinsic Semiconductors January-2019, March-2021 | 
% Exercise . 
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"+ “As an undergraduate in applied Physics, electrical engineering, 
{ you might ask why you need to study semiconductor devices a 
which is the largest industry in the world. 


electronics engincer or material science 
re the foundation of electronic 


dustry, 
A basic knowledge of semiconduct evices is esscntia 
the understanding of advanced course in electronics, es devices Is essential 
i 21 INTRODUCTION TO SEMICONDUCTOR : 
* , The materials which having clectrical resistivit i ; 
| eae RB al resistivity In between conductor and insulator is culled as 


Ly The resistivity of semiconductors lic in the range of PAN emesy 
— 10% 10 am, | 


Alinost empty conduction band 
* _ Silicon (Si), germanium (Ge) and Braphite are some 


examples of semiconductors, 


* _ In semiconductors, the forbidden Bap between valence 
—— band and conduction band ix very small. [t has a 


forbidden gap of about 1 electron volt (eV), 


* _At low temperature, the valence band is completely 
occupied with electrons and conduction band in empty 


because the electrons in the valence band dows Not have Alivost fall valonee 


enough energy 10 move in to conduction bund. ea 
Therefore, semiconductor behaves as an hinulator at FIG. 2.1) ENERGY 0. AND OF 
low temperature. 


SEMICONDUCTOR 


Semiconductors 3 
—— 


. wever, at room temperature some ‘of the electrons in valence band gains enough energy in the form 
‘of heat dnd moves in to conduction band. When the valence electrons moves in to conduction band they 
becomes free clectrons. These electrons are not attached to the nucleus of a atom, So they moves freely. 

—— band electrons are responsible for elecirical conductivity. The measure of ability to conduct 
Zlectric current is called as electrical conductivity. 

. the temperature goes on increasing, the number of valence band electrons moving in to conduction band 
js also increases. This shows that clectrical conductivity of the semiconductor increases with increase in 
temperature. ic. a semiconductor has negative temperature co-efficient of resistance, The resistance of 
semiconductor decreases with increase in temperature. 


* In semiconductors, electric current is carried by two types of charge carriers they are electrons and holes. 


22 CONCEPT OF HOLE : Band cnergy 
aa absence of electron in a particular place in an atom | 
is called as hole. 


Electrons in 


+ Hole is a electric charge carrier which has positive ‘Conduction band 
charge. The electric charge of hole is equal to electric 


charge of electron but have opposite polarity. 


= When a small amount of external energy is applicd, 
a then the electrons in the valence band moves in to 
conduction band and leaves a vacancy in valence band. 
‘This vacancy is called as hole. _ 


— 


‘Syllabus Topic : Intrinsine Semiconductors 


2ZANTRINSIC SEMICONDUCTOR : GTU, Mi 


| 1. Explain intrinsic semiconductors with necessary diagram. [May-2019, 4-Marks! | 


Pure semiconductors are called intrinsic semiconductors. 
_-— Silicon and germanium are the most common examples of intrinsic semiconductors. 


= Both these semiconductors are most frequently used in the manufacturing of transistors, diodes and other 
electronic components. = = 9 


Dt intrinsic ‘Semiconductor, the number of electrons in the conduction band is equal to the number of holes 
in the valence band, Therefore the overall electric charge of a atom is neutral. 


2341 Atomic Structure of Silicon and Germanium: 


* The alomic structure of intrinsic semiconductor materials like silicon and 
germanium is as follows. 


Atomic structure of silicon + 

2 Silicon is a substance consisting of atoms which all have the same number 
of protons, — as yee 

2— The atomic number of silicon is 14 ic, 14 protons, 

2—The number of protons in the nucteus of an atom is called atomic number, 


- Silicon wom has 14 electrons (two electrons in first orbit, eight electrons 
in second orbit and 4 electrons in the outermost orbit) 
Phrbes irwup tt) 1 01 1S 


FIG, 2.3.5 ATOMIC 
STRUCTURE OF SILICON 
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<2 Atomic structure of germanium : 
_ Aaaeaed is a substance consisting of atoms which all have the same 


number of protons. 
ae Th atomic number of germanium is 32 i.e. 32 protons. 


s_— The number of protons in the nucleus of atom is called atomic number. 
Germanium has 32 electrons ( 2 electrons in first orbit, 8 electrons 


in second orbit, 18 electrons in third orbit and 4 electrons in the 


FIG. 2.4 : ATOMIC STRUCTURE 
OF GERMAINIUM 


* The outermost shell of atom is capable to hold 
up (o cight electrons. The atom which has cight 
electrons in the outermost orbit is said to be 
completely filled and most stable, 


rs 
But the outermost orbit of silicon has only four 
electrons. Silicon atom needs four more electrons 
to become most stable. 


Silicon atom forms four covalent bonds with the 
four neighboring atoms. 


In covalent bonding each valence electron is 
shared by two atoms, ae 
peeks 


*— When silicon atoms comes close to each other, 
cach valence electron of atom is Shared with the 

neighboring atom and each valence electron of 

neighboring atom is shared with this atom, 


the four neighboring atoms and four neighboring 
Therefore, total ei 


ight clectrons are shared, 
— Ons ares 


| : FIG. 25(a) : COVALENT BANDING IN SILICON 
H + Likewise each atom will share four valence ¢lectrons with 
| —— atoms will share cach valenes electron with this atom. 
4. Covalent bonding in germanium : 
| e The outermost orbit of germanium has only four 
electrons. Germanium atom needs four more 
electrons to become most_stuble, 
* — Germanium atom forms four covatent bonds with 
_—— the four neighboring atoms. In covalent bonding 
each valence electron is shored by two atoms, 
* When germanium atoms comes close to each other 
See each valence elcetron of atom is shared with the 
Meighboring atom and each valence electron of 
neighboring atom is shared with this atom. 

. ikewise each atom will share four valence 
electrons with the four neighboring atoms and 
four neighboring atoms will shure cach valence 
electron with this alom. Therefore, total eight Sharing Of eloctorn 
electrons are shared. HIG, 25(b) + COVALENT BONDING 


IN GERMANIUM 
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‘The outermost shell of silicon and germanium is completely filled and valence electrons are tightly bound 
to the nucleus of atom because of sharing electrons with neighboring atoms. 


fe 


* In intrinsic semiconductors free electrons are not present at absolute zero temperature. Therefore intrinsic 
semiconductor behaves as perfect insulator. 


pe faces and Hole Current : 
In conductors, current is caused by only motion of electrons but in semiconductors, current is caused by 


both electrons in conduction band and holes in valence band. 


Current that is caused by electron motion is called electron current and current that is caused by hole 


motion is called hole current, Electron is a negative charge carrier whereas hole is a positive charge carrier. 
+ — Atabsolute zero temperature 


intrinsic semiconductor 

aie fea 

* However, at room 

temperature the electrons H Electron flow Electron 
present in the outermost j | 


orbit absorb thermal energy. 1 H 5) 

. ics te comrmoe oct [oc ® ©. | oc 8, 0 oc B 
electrons get enough 
energy then they will break 


Valence band Hoe Bee Hole 
bonding with the nucleus of @ &) © @) 
atom and jumps in to FIG. 2.6 : ELECTRON AND HOLE CURRENT 
conduction band. 


» to moye. 


* The electrons present in conduction band are not attached to the nucleus of an atom so they are free 
‘ 


© When the valence electron moves from valence band to the conduction band a vacancy is created in the 
valence band where electron left. Such vacancy is called hole. 
. 


Let's take an example, as shown in Fig 2.6. there are three atoms atom A, atom B and atom C. 
* At room temperature valence electron in an atom A gains enough energy and jumps in to conduction 
band as show in Fig. 2.6(a). 
* When it jumps in to conduction band a hole (vacancy) is created in the valence band at atom A as shown 
in Fig. 2.6(b). 
* Then the neighboring electron from atom B moves to atom A to fill the hole at atom A. This creates 
a hole at atom B as shown in Fig. 2.6(c). 
* Similarly neighboring electron from atom C moves to atom B to fill the hole at atom B, ‘This creates 
& hole at stom C as shown in Fig. 2.6(4). 


* Likewise electrons moves from left side to right side and holes moves from right to left side. 


232 Conduction in Intrinsic Semiconductor : 


ry-2019 


1. Derive expression of electron concentration in conduction band. 
pe og Provess of conduction in intrinsic semiconductor is shown in Fig. 2.7. 
In the Fig 2.7; an intrinsic semiconductor js connected to a battery, 


Physics (Group. 
M 
2 terminal of ote 
aa tsi to one Flow ofelectrom SSC te clectron 
side and negative terminal 
Of the battery is connected 
to other side. 


* AS we know like charges 

fepel cach other and 

—s Opposite charges attract 
ach other. 

* Inthe similar way negative . 
— charge carriers (electrons) Conventional 
‘Are attracted towards the 
Positive terminal of battery 
tnd positive charge carriers 
holes) attracted towards 


ane 
[- 
Battery 


INTRINSIC SEMICONDUCTOR 


FIG. 27: CONDUCTION IN 


Mes per unit volume ji 


an intrinsi i i id is called as hole. nitration 
. imsic semiconductor, the number of electrons C1 
ae of holes generated in the valence band, Benerated in the cond 
Hence the electron-carrier cone 


4 calration ix 


J- can be writion as, 


equal to the hole-carrier concentration, 
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where, y= electron-carrier concentration 
nj, = hole-carrier concentration 
and 1m, = intrinsic carrier concentration 
* The electron concentration in the conduction band is given as 


u-#£ & 
ne= Nee ™ 


“Ag hole concentration in the valence band is given as 


where, Kg = the Boltzmann constant 
T = the absolute temperature of intrinsic semiconductor 
N, = the effective density ‘of states in conduction band. 


N, = the effective density of states in valence band. 


ression for Density of Electrons in Conduction Band : 


+ The carrier density in a semiconductor, can be obtained by, integrating the product of the density of states 
HE) dE and the probability function ie., the fermi function f(E) over al! possible states. 
ral tea peal 


os 
ic, n= J ZE)dE se) we 
Eso, ~ : 


where, Z{E) dE = Density of states 
f(E) = Probability Function or Fermi Function 
* To find out the density of clectrons m, in the conduction band we should integrating the equation (1) 
Z#£ ‘wart the bottom of the conduction band E, to the top of the conduction bande. 
— pH od 
+. Density of electrons in the conduction band is 


n, = JHE) dE SE) @Q) 
2 ] 


* The density of states for an clectron with effective mass m, is given by 


ee a 

8m, = 

Z(E) dE = ate] e« s) ~) 

* The above expression is written based on the general expression for density of states, refer section 1.15 
——with mass m replaced by Mm, . 4 

* The energy E for an electron in the conduction band, now becomes equal to E ~ 


3 
“y 1 
i“ UE) dé = eal (B-B,)2 dE w 


* Now, substituting equation (4) in cquation (2) we gel, 


, 
* ' 
n( Bm, f 7 2 7 
n, = al eee dt, f(E) ro) 
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function for the occupancy ‘of an electron is given by 


= But, we know the probability 
: + (6) 


a J@ = 
Mea 


. [Atany temperature, the energy required by an electron to move from the va 
band is always greater than kgT. 
= Let us assume at room temperature Ep is lo 


lence band to the conduction 


wer than E, by atleast a few kyT (2 4kgT = 0.001 eV) 


ies E - Ep = >> kg 

Hence, i (E- E,) >> fT, then the term in the denominator of equation (6) can be neglected (since 
IBEEe | then, [EF Ala aes db. 
‘eT ‘ 
a) 
OT es 
ru 
spe), 

f@) =e 

(Ep-E 
as S®) = Jo ) 

/. Substituting for f(E) from Sars (7) in equation (5) we get, % 
n= z(t i Je- wid ar (8) 
Solve the above integration, let us assume 
— E-E, = xhgl., 

+ E=E, + xkgT. Ad 
2 Taking differentiating the above equation, we get ac 

: peat B= dekyT 
; Based on equation (9), the integral limits for equation (8) also get ch: - 

Seana : ey accordingly as follows. 
@-Eax 
+ X= 


5 (Upper limit) 
Therefore, equation becomes, Seeing equations (9), (10), (11) and limits) 


” (8 Josten? Lae), Tax 
1 (sry ant (ky)! a) ‘phere lds 
= (sey Lit) 


—————— ee eee 


al 
[Since fx? et acne, is is called the gamma function,] 
2 WS, 
* Therefore, on simplifying the above equation we get, 
3 
. a (Se=F 
ae a a) f aT } 


3 
. al ES 
n= a at wa (12) 


sy 


* Equation (12), can be written as 
~- (13) 


pny 
where, No =2 2nm T | — Effective Density of State 
ae 


= The equation (13) shows the density of electrons in the conduction band for an intrinsic semiconductor. 


23.6 Expression for Density of Holes in the Valence Band : 
LT density of toes my can be calculated by integrating the 
product of density of states Z(E) dE and the probability (Conduction band) Ficciron 
function for a hole [1 — f(E)] between the limits from the 
bottom of the Valence band (—*) to the top of the’ valence 

band E, as shown in Fig. 2.7(1). 


The density of holes in the valence band is stor 
my, = [28) de (1 - FE) oe (4) 
. - Hole 
where, 1 - f(E) = |!— : 
. x FIG, 2.7(1) : ENERGY BAND 
re I i } DIAGRAM FOR AN INTRINSIC 


SEMICONDUCTOR AT T > OK 


ele] 


pote 
-x+2-2 +. with »S i ipt } and neglecting higher powers, 


1-s@ = if fi . | La") 


4 sit) [ | atts 


ae 


* — Using binomial series asx! bal 
we get 
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‘The expression for ZE d(E) for holes behaving as a free particle with effective mass m, is given by, 
[with reference to equation (3)). 


3 
a i 
Z(E) dE = 5 (E, -E)? dE 


~- (16) 
Now, substituting equation (15) and (16) in equation (14), we get 
3 
(8m, 
. ny = a3] - (17) 
To solve the above integration, ket us define 
E, - E = xkgT +. (18) 
o E=E, — xkgT -- (19) 
Taking differentiating the above equation, we get 
dE = dekgT s+ (20) 
Based on equation (18), the integral limits for equation (17) also get changed accordingly as follows. 
When E=a Similarly, when E=E, 
E,to=x, O=x 
or xo or x=0 ) 
(Lower limit) 


(Upper limit) 
(20) and the corresponding limits in equation (17), we wet 


3 
Bo 1 Ey — xhyT ~ Ee 
m= % (e] Jocks? J ar Jeae ky) 


Hence, on substituting equations (18), (19), 


On simplifying, r am 
3 
Nils ot Bale) g 1 
8 3 af os 
= (3 J an (kg)! eA 8 ) J? e* (-dx ky) 
3 
- p (fv-f&). 1 
: am ket P (Paget) 2 
s = ee it ie eo dk 2) 


=! 
Since, x? e* dy ane, equation (21) becomes, 
° 


Semiconductors 41 


2nm), kpT 
oa 


* The equation (23) shows the density of holes in the valence band for an intrinsic semiconductor. 


where, N, =2 = Effective density of state of hole in valence band. 2) 


Syllabus Topic : Dependence of Fermi level on carrier-concentration and temperature 


je fee LEVEL IN INTRINSIC SEMICONDUCTOR : GTU, Ja 


Explain the dependence of Fermi level on temperature. [January-2020, 7-Marks| | 


* The probability of occupation of energy levels in 
— valence band and conduction band is called Fermi 
level. 


. absolute zero temperature intrinsic semiconductor 
acts as perfect insulator. However as the temperature 
increases free electrons and holes gets generated. 


Band energy 


| 


* In intrinsic or pure semiconductor, the number of holes 
in valence band is equal to the number of electrons 
in the conduction band. 


. , the probability of occupation of energy levels 
in conduction band and valence band are cqual. 
Therefore, the Fermi level for the intrinsic 
semiconductor lics in the middle of forbidden band. 


Femi level in the middle of forbidden band indicates equal concentration of free clectrons and holes. 


FIG. 28 : FERMI LEVEL IN 
INTRINSIC SEMICONDUCTOR 


* The electron-concentration in the conduction band is given as 


faa FEF) 


* The hole-concentration in the valence band is given as 


— asn l=] 


where, Kg = the Boltzmann constant 
T = the absolute temperature of the intrinsic semiconductor 
N, = the effective density of states in the conduction band. 
N, = the effective density of states in the valence band, 


* The number of electrons in the conduction band depends on effective density of states in the conduction 


band and the distance of Fermi level from the conduction band, 
‘The number of holes in the valence bund depends on clfective density of states in the valence band and 
the distance of Fermi.tevel from the valence band 


Pande rwuptt) 120311 6 


ee 
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= For an intrinsic semiconductor, the electron-carrier concentration is equal to the hole-cas 
*  Wean be written as 


—_ een) 


ie. (Density of electrons in the conduction band} = {Density of holes in the valence band) 
* Therefore, [from equation (12) and (22)) 


afer} {a*) _ eal {Par*) 


u} 


concentration, 


= my? ms 


Cl) 


‘The RHS of equation (1) has been written using the formula In (ab) = 
Note + In is natural base of logarithm InN = logy! = 2,302 log’. 


5 os “po (a | Bs 


2 E) w+ (2) 


eee m, =m; the above equation gels reduced to 
“ Ep= 2H tna + BE. 


Ina + Inb, 


= 04+ E+E. t. 


2 
Se 
where, my, = hole-carrier concentration 
n, = eleciron-carries concentration 
Loe fermi level for intrinsic semiconductor is Biven as, 


where, Ep is tie fermi level —~ 
Eg is the conduction band Oo 
Ey is the valence band Le 
+ Therefore, the Fermi level In an initile semiconductor lies in the middle of tho forbidden gap. 


——==— i. 


In(t) = QO] 


» 


a 

ul Dependence cs on Temperature : Band energy 

‘The variation of Fermi level with temperature for an 

intrinsic semiconductor is shown in Fig. 2.9. 

AtT = OK, the Fermi level lies exactly in middle 

‘of forbidden gap as shown in Fig. 2.9(a). 

At low temperature region, E; is practically Ey 
independent of temperature. 

« If, there is a small variation in Ep in the high 
temperature region. (Sce Fig. 2.9(b)) 

+ So, the Fermi level gets increased slightly when 
temperature is increased. FIG. 29 : VARIATION OF FERMI LEVEL 


(©) Fermi level 
@ 
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25 EXTRINSIC SEMICONDUCTOR : May-2019 
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‘semiconductors with necessary diagram. 
tte semiconductor in which impurities are added is called extrinsic semiconductor. 
When the impurities are added to the intrinsic semiconductor, it becomes an extrinsic semiconductor. 

—— ——s : 
Ate process of adding impurities to the semiconductor is called doping. 

Sate 1 
1 Doping. increases the electrical conductivity of semiconductor. 
SS 


_Butrinsic semiconductor has high electrical conductivity than intrinsic semiconductor. 

: the extrinsic semiconductors are used for the manufacturing of electronic devices such as diodes, 
Wransistors etc. 

1 Aite number of free electrons and holes in extrinsic semiconductor are not equal. 


Oo ey 
Two types of impurities are added to the semiconductor. 


hey are pentavalent and trivalent impurities. 
a 

is Pentavalent Impurities = 

—Peniavalént impurity atoms have 5 valence electrons, 

+The various examples of pentavalent impurity atoms include Phosphorus (P), Arsenic (As), Antimony (Sb), ete 

_2—Thee atomic structure of pentavalent atom (phosphorus) is shown in below 


Fig. 2.10. 
Photphorus is a substance consisting of atoms which all have the same 


_Alumber of protons, 
- 
omic number of phosphorus is 15 i.e, 15 protons. The number of 
_... nucleus of an atom is called atomic number. 
atom has 15 electrons (2 electrons in first orbit, 8 electrons FIG, 2.10 1 PENTAVAL 


in second orbit and 5 clecirons in the oulermos orbit). ATOM (PHOSPHORUS 


Physics (Group), 
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25.3 Trivalent Impurities : 
25.3 Trivalent_ Impurities + 


« —Trivalent impurity atoms have 3 valence electrons. 


‘© The various examples of trivalent impurities include Boron (B), Gallium 


(G), Indium (In), Aluminium (AD. 
= _ Boron is a substance consisting of atoms which all have the same number 
of protons. The atomic number of boron is 5 i.e. 5 protons. ’ 
« Boron atom has 5 electrons (2 electrons in first orbit and 3 electrons in 


—— the outermost orbit). 2 


FIG, 2.11 : TRIVALENT 
ATOM (BORON) 


ve Classification of Ext: Semiconductors Based on Impurities Added + 
= Based on the type of impurities added, extrinsic semiconductors are classified in to two types. 


1. N-type Semiconductor 
2. P-type Semiconductor 
1. N-type Semiconductor : 


* When pentavalent impurity is added to an intrinsic or pure semiconductor (silicon or germanium), then 
it is said to be an n-type semiconductor. 


+ Pentavalent impurities such as phosphorus, 
arsenic, antimony ete. are called donor impurity. 


Let us consider, pentavalent impurity phosphorus 
is added to silicon as shown in below figure. 
Phosphorus atom has 5 valence electrons and 
silicon has 4 valence clectrons. 


ans, atom has one excess valence 
electron than silicon, The four valence electrons 
of cach phosphorus atom form 4 covalent bonds 
with the 4 neighboring silicon atoms. 

* The fifth valence electron of the phosphorus 
—— __ atom cannot able to form the covalent bond with 
the silicon atom because silicon atom does not 
have the fifth valence electron to form the 
PR ar FIG. 2.12 : N-TYPE SEMICONDUCTOR 
‘Thus, fifth valence clectron of phosphorus atom does ni 

o€5 not involve in the formation of cr s. Hence. 
= lia feito mal incasailgcied folie Het at covalent bonds. Hence. 

+ This shows 


Free electron 


Silicon atom 


Sharing of 
clectrons 


that each phosphorus atom donates one free electron, 

‘Therefore, all the pentavalent impurities are called donors, 

7 me fumber of fice electrons are depends on the amount of in 
* A small addition of impurity (phosphorus) Benerates millions 
Charge on n-type semiconductor ; 


* So many people think that n-type semiconductor has I 


é large number of free electrons. slectr® 
charge of n-type semiconductor is negative. But this assumption ix wrong. aaa 


Mpurity (phosphorus) added to the silicon 
Of free electrons, J 
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+ Even though n-type semiconductor hi 
by the pentavaicnt atoms that are cl 
semiconductor is also neutral. 

Conduction in_n-ty! semiconductor = 

% Let us consider an n-type semiconductor as shown in below figure. 

cae ‘When voltage is applied to n-type semiconductor; the free electrons moves towards positive terminal of 
applied voltage. Similarly holes moves towards negative terminal of applied voltage. 


as large number of free clectrons, but these free electrons are given 
ectrically neutral. ‘Therefore, the total electric charge of n-type 


Direction of conventional 


current 


Direction of 
flow of clectrons 
FIG. 2.13 : CONDUCTION IN N-TYPE SEMICONDUTOR 


co) 
+ In n-type semiconductor, the population of free electrons is more whereas the population of holes is less. 
* — Hence in n-type semiconductor free electrons are called majority carriers and holes are called minority 
<— carriers. = hoa 
+ Therefore, in a n-type semiconductor conduction is mainly because of motion of free electrons. 
2._P-type Semiconductor + 
boards the trivalent impurity is added to an intrinsic 
‘or pure semiconductor (silicon or germanium), then 
4g it is said to be an p-type semiconductor, 
¢ *  Trivalent impurities such as Boron (B), Gallium 
_— (G), Indium (in), Aluminium (Al) ete are called 
acceptor impurity. 


+ Let us consider, trivalent impurity boron is added 
to silicon ax shown in below figure. Boron atom 
on. has three valence electrons and silicon has four 


valence electrons, 
eee ‘The three valence electrons of cach boron atom 
form 3 covalent bonds with the 3 neighboring 


trie sil 
a some. VIG, 2.14 1 PTYPR SEMICONDUTOR 
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S— In the fourth covalent bond, only silicon atom contributes one valence clectron, while the boron atom 
eee has no valence electron to contribute. 


_=— Thus, the fourth covalent bond is incomplete with shortage of one electron. This missing electron is called ho . 
* This shows cach boron atom accept one electron to fill the hole. Therefore, all the trivalent impuritics 
——_ ¥F called acceptor, $= ————-  ——-_. ——— 
A small addition of impurity (boron) provides millions of holes, 5) 
Charge on p-type semiconductor : 


* So many people think that P-type semiconductor has large number of holes and current conduction is mainly 
due to these holes. 


* So, the total electric charge of p-type semiconductor is positive. 


but these 


free electrons move towards positive terminal of applied voltage, 
the population of holes in valence band is more, 


whereas the Population of free 
band is less. 


Directo of 
low holes wey 


FIG, 2.15 + CONDUCTIN IN P-TYPE SEMICONDUTOR 


a | 


Semiconductors — Carrier Concentration : 


255 Extrinsic 


—— i _“ ___.. 
Expression for carrier concentration in n-type semiconductor 


evel on temperature and 
[May-2019, 7-Marks] 


Fig. 2.15.1 shows the energy level diagram for n-type semiconductor. 
< vet us assume that E, — Ep > kgT. The density of electrons’ in the conduction band is given as 


Ay Sy ee 
a A ey a far) ratth) 
eae) egy (hail 
‘AtT = OK, the fermi level Eg lics between E, and Ey. 
J if we assume that Ey lies more than a few Kgl above the donor level E,, 
7 donor atoms Ny must be equal to the product of density of the donor atoms Ny 
{f(E,)) for’ an electron absence in the donor energy level. 


0 
a Conduction Band « Q) 
Ee 


Eg (Donor level) 


hen, the density of ionised 
and the probability function 


* We know SED) = 


1 - fy) = 


r 


FIG. 21 
EXCITATION IN A 2-TYPE 
SEMICONDUCTOR 


i 
' 
* Hence, 1-s&, = £ Ly } Dd  @ 


* Now from the abave equation it is clear that Ey < Ej; ic. By - 


J 
* Hence, substituting equation (3) in equation (2), we get Nj=Na oy 
since no clectron hole pair is generated duc (0 breaking of covalent bonds, the 


od) 


* At very low temperature, 
—Eawity of clectrons n, in the conduction band must be equal to the density of positively fonised donor 
aloms Nj. eee ———— —— 
ey ne = Ni 


am je ~ nA) 


weil 7 
235 Extrinsic Semiconductors — Carrier Concentration = 
fapresion for carrier concentration in n-type semiconductor + P Gru, May-2019| 


iL, Derive equations for n-type Temiconductor to determine dependence of fermi level on temperature and 
7-Marks] 


doping concentration. [May-2019, 


Fig. 2.15.1 shows the energy level diagram for n-type semiconductor. 
Let us assume that E, - Ep > kgT. The density of electrons in the conduction band is given as 


9 3 
n, = 2( 20M koh f ia") a 
Eee) f ental ame 
ALT = OK, the fermi level Ey lies between E- and Ey 
If we assume that Ey lies more than a few kT above the donor level Ey. 
donor atoms N¥ must be equal to the product of density of the donor atoms N, and 
[1 — f(E,)] for’ an electron absence in the donor energy evel at 


a Conduction Band ~~ Q) 


We know SE) = 


then, the density of ionised 
the probability function 


Ey (Donor level) 


— Pr 


1 - f(Eg = 
Ey 
Valence Band 
FIG. 2.15.1 : CHARGE CARRIER 
EXCITATION IN A n-TYPE 
SEMICONDUCTOR 
| = 
' 
* Hence, 1 - SE) = 2) « @ 
* Now from the above equation is clear | that Ey < By ic, By - Eg is negative, 
Wa ual 
* Hence, substituting equation (3) in equation (2), we get Ni= Nes bid wa 
* At very low temperature, since no electron hole pair is generated due to breaking of covalent bonds, the 
—~“density of electrons n, in the conduction band must be equal to the density of positively ionised donor 
aloms Nj. = Se oT ns 
ie, n= Ni 


[ie] {a} ay, sar") 
h 


seat 
2s Extrinsic Semiconductors — Carrier Concentration : 
Expression for carrier concentration in_n-type semiconductor > p G1, May-2019 


1, Derive equations for n-type semiconductor to ‘determine dependence of fermi 

doping concentration. 

Fig. 2.15.1 shows the energy level diagram for n-type semiconductor. 

Let us assume that E, — Ep > kT. The density of electrons in the condi 
ede) 


; 3 (Ep -E, 
n= es f tat ) m0) 
S“ " yangel 


AUT = OK, the fermi level Ef lies between E, and Ey 
If we assume that Ep lies more than a few kT above the donor level Ey thers the density of ionised 
donor atoms Nj must be equal to the product of density of the donor atoms Ny and the probability function 
[l — f(E,)) for an electron absence in the donor energy level. SS 


ie. [NEN fE0) Conduction Band -~@ 


1 Ee 
* . We know SE) = 
Eq Fe Eg (Donor level 
val ms Ee (Donor level) 
1 


Tevel on temperature and 
[May-2019, 7-Marks] 


uction band is given as 


1-fEy 


| 
| : 


FIG. 2.15.1 : CHARGE CARRIER 
EXCITATION IN A n-TYPE 
SEMICONDUCTOR 


is negative. 
("4 a) 
iv 
* Hence, substituting equation (3) in equation (2), we get Ny =Nu ae) 
At very low temperature, since nO electron hole pair is generated duc to breaking of covalent bond 
—~“temity of electrons n, in the conduction band must be equal to the density of positively ionised donor 
atoms Nj. Pe ———— ———aw 
ie, ng = NG 


is clear that By < Ey ic, Ey - 


+ Now from the above equation 
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255 Extrinsic Semiconductors — Carrier Concentration = 


evel on temperature and 


Derive equations for n-type semiconductor to determine dependence of fermi 
{May-2019, 7-Marks] 


doping concentration. 
Fig. 2.15.1 shows the energy level diagram for n-type semiconductor. 
Let us assume that E, - Eg > kgT. The density of electrons in the conduction band is given as 


a 3 
Fes) 2| 27% ker if ia) = 
ve\ ogee 
ALT = OK, the fermi level Ey lies between E, and Ey 
If we assume that Ep lies more than a few kgT above the donor level Ey. then, the density of ionised 
“donor atoms Nj must be equal to the product of density of the donor atoms N, and the probability function 
fl- J(E,)) for an electron absence in the donor energy level. a Ss 


ies Conduction Band ~@ 


1 Fe 
+ We know = 
: Be) (iv) | Eq. (Donor fevel) 
1+ 


1 Valence Band | 


FIG. 2.15.1 : CHARGE CARRIER 
EXCITATION IN A n-TYPE 
SEMICONDUCTOR 


= te J 0 
ation He 


* Now from the above equation it is clear that Ey < Ey ie, Ey — By is negative, 
By = te } 

* Hence, substituting equation (3) in equation (2), we get Nj=Nu GLE 

At very low temperature, since no electron hole pair is generated due to breaking of covalent bonis, the 

—dmity of electrons m, in the conduction band must be equal to the density of positively ionised donor 


wo (A) 


aloms Nj. 
ie, Reine 
, 
% Hp =H Hy =p 
o{omiaaty rd . | aut } 
h 


3s bas Semiconductors — Carrier Concentration + 
; on for carrier concentration in n-type semiconductor : 


n-type semiconductor to determine dependence of fermi fevel on (cmperature and 


4. Derive cquations for 
[May-2019, 7-Marks} 


doping concentration. 


Fig. 2.15.1 shows the energy level diagram for n-type semiconductor. 
Let us assume that E, - Ep > kyl. The ents of electrons in the conduction band is given as 


oo 2ront sT F har gr Cl) 
iP 


Xs 
AUT = OK, OK, the fermi level Ef lies between E. and Ey 


If we assume that Ey lies more than a few kgT above the donor level Ey, then, the density of ionised 
Gonor atoms Nj must be equal to the produst of density of the donor atoms Ny and the probability function 
[1 ~ F(E,)] for’an electron absence in the donor energy level. == 


Conduction Band  Q) 


Ee 
Ey (Donor level) 


l 
| ; 
ct) 1 Valence Band | 


FIG. 2.15.1 : CHARGE CARRIER 
EXCITATION IN A n-TYPE 


i 
1 
+ 
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ad 
* Hence, 1-sE) = & a GO) 
* Now from the above equation it is clear that By < Ey ie Ey — Ey is negative. 
or) 
ay  @) 


* Hence, substituting equation (3) in equation (2), we get Ny =Ny 
At very low temperature, since no electron hole pair is generated duc (o breaking of covalent bonds, the 
ee of electrons n, in the conduction band must be equal to the density of positively ionised donor 


‘Taking logarithm on both sides we get, 
3 


ron, kgT Ey -E, E, —Ep 
In 2 ey cr = InNy+ = 
Now rearranging the above equation we get, 


See (Baaee) = toni fama} 


ket ket 


Multiplying on both sides with kgT and after simplification the above equation becomes, 


[ein non =n (:] 


Ny 


2p - Ey +E.) = beh In 7 
srl 
h 


Es 2Ep = (Ey +E) + kgT In => 
a] 


Ey +E) N, 
“ ——— 
R= Fat In ae wa (S) 
22 a 
hr 


AUT = OK, using the above equation we get, 


* The equation (©) shows that, the fermilevel Ep lies exacily at the i R 
iddle of A 
_-— bottom of the conduction band BL On Of the donor level IZ, and the 


256 Expression for Carrier Concentration of Electrons in the Conduction Band : 
rr Concce ss 
_—— Now from ation (I) the density of electrons inthe conduction band is given by 


3 
° p (fe-te 
ne 2a} Af ‘gr } 
* — Substituting for Ey from equation (5) in the above 
in the conduction band. 


bas ———— lc eer? 


Equation, we get an expression for the density of clectro" 


ae 


= n= fel jeatl 


ni ; 
ae | ~@ [om su(f}-"4 


> 
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* Simplifying the exponential using the formula 


SH aA. we get 


3 i 

A Ey -e, ) noe 

Be (ey { gt Ng 
h 


Physics (Group.), 


ee Ba ht tin ny Eo 
igs holes in the valence band’ gives an | 


oe (2) 
= 
Since, the acceptor Neve they 


» Therefore, the term 1 in the 


"eulecied, compnred to Sst) 


Which jy Very large, 


a 


a (A) 
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Now, substituting equation (4) in equation (2), we get 
—_ wf a) 
N; = ‘rt we (5) 
* At very low temperature, the sat of holes Bh in the valence band must be equal to the density of 
__— negatively ionised acceptor atoms Nj. 
ie, ™ = NG 


 ofepuef 5") 5) 


* Taking logarithm on both sides, we get 


a 2um, kT E,-Ep 
mm, 
In 2} gt = InN, + EESEe ise 
=e 
__® _ Rearranging the above cquation, 


; 
E, -E, Ey -E, 
Sift (Page) = om, -nla( hy 


(On multiplying with -Ve sign on both sides and rearranging) 


2Ee _ Ep +E _ jq|—2_, 
for LP 2nm, kyT F 
eal 


* Hence, by = Bet Be — HE jp —e —, wo 
‘fy 


wv OD 


the fermi level By lies exuctly at the middle of the acceptor level K, and 
the wp of the valence band Li, as shown in Fig. 2.15.2, 


2 Physies (Group), 
288 by for Carrier Concentration (Density) of Holes In the Valence Band + 


a Brom equation (1), the densily ‘of the holes In the valence band is given by, 
’ 

. Hy = Mie 

Ld “lero nd cu ) 


+ — Substituting for E_ from equation (6) in the above equation, 
in the valence band 


w get an expression for the density of hole 


£ +) 
- PR a on tle factor. 
ae E,- Bp = 6, -Ex8Ed y Ty Ne 
* (210m, kyT 
nr 
= BeBe AT Me, 
| 2 kat 
ia 
= On dividing kyT, we get 
E,-E, _ E.-E,,1 N, 
Gr" wr 72" 5 
‘Gaal 
ra 
1 
E.-Be | BE, jp Na 
4uT UT re ic 
2.2 
, A bag al 
Rr 


* Now, substituting equation (8) expression for m,, we get 


=] 
® 


*  Sunplitying the capooratsl wen using the formula 
tbe AA, we get 


wsfespnf hod 


hol 


ss _—_ om" 
Hence, after simplification, 
3 
1 (omm? ker Ye (228 
My = (Ng)? a aI Las) 


, From equation (9), it is shows that, the density of holes in the pe) c “ a 
root of acceptor concentration N,, y in valence band is proportional to the square 


oe (9) 


259 Fermi Level in Extrinsic Semiconductor : 


+ Inextrinsic semiconductor, the number of electrons in the conduction band and the number of holes in 
the valence band are not equal, Hence, the probability of occupation of energy levels in conduction band 
and valence band are not equal. 


+ Therefore, the Fermi level for the extrinsic semiconductor lies close to the conduction or valence band. 


25.10 Fermi Level in_n-type Semiconductor + 
5 Band energy 
* Inn-type semiconductor pentavalent impurity is added. 
Each pentavalent impurity donates a free electron. | 


The addition of pentavalent impurity creates large 
number of free electrons in the conduction band. 

a ‘At room temperature, the number of electrons in the 
conduction band is greater than the number of holes 
in the valence band. Portis 

* Hence, the probability of occupation of energy levels band 
by the electrons in the conduction band is greater than 
the probability of occupation of energy levels by the 
holes in the valence band. 

* This probability of occupation of energy levels is 


‘Fermi level 


represented in terms of Fermi level. Therefore, the FIG, 2.16 : FERMI IN N-TYPE 
Farm’ level in the n-type semiconductor lies close (0 SEMICONDUCTOR 
the conduction band. 

25.11 Fermi Level in p-type Semiconductor = 


* In ptype semiconductor trivalent impurity is added. 
Each trivalent impurity creates hole in the valence 
band and ready to accept an clectron. 

* The addition of trivalent impurity creates 
of holes in the valence band. 

2 SiS cepecanure; whe number of holed) inthe 
valence band is greater than the number of electrons 
in the conduction band. 

* Hence, the bility of occupation of enerBy levels 
by the Sapa eo band is greater than the 
probability of occupation of energy levels by the 
Electroma in the conduction band. This probability of = 
occupation of energy levels is represented in terms of FIG. 2.17 1 FERME LEVEL 
Berra} Weyl: IN P-TYPE SEMICONDUCTOR 


* ‘Therefore, the Fermi level in the p-type semiconductor lies close to the valence band. 


large number 
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i) 
i MAJORITY AND MINORITY CARRIERS : 
ee 


2.6.1 What is Charge Carrier ? 
ts Charge Carricr 2 


Generally, carrier refers to any object that carry another object from one place to Be Fee example, 
in countries such as India, Singapore and Brazil ; Tiffin box or Tiffin carriers are widely ag OF Carrying 
food from one place to another place. Here, the Tiffin box acts as a carrier that carries the food from 
‘one place to another place. 


Let us take another example; People use vehicles such as buses, trains, airplanes, etc. to travel from on; 
place to another place. 


Here, the vehicles act as carriers that carry people from one place to another place. In the similar way, 
Particles such as free clectrons and holes carry the charge or electric current from one place to another place 


26.2 Negative Charge Carriers : 


‘The negative charge carriers such as free electrons are the charge carriers that carry negative charge with 
them while moving from one place to another place. Free electrons are the electrons that are detached 
from the parent atom and moves freely from one place to another place. 


SW oe 


| vale ANS 


Negative charge 
FIG. 2.18 : POSITIVE AND NEGATIVE CHARGE 


wa Positive Charge Carriers : 
2&3 Positive Charge Carriers 


* The positive charge carriers such as holes are the charge carriers that cary positive charge with them 


while moving from one place to another place. Holes are the vacancies in valence band that moves fro" 
one place to another place within the valence band.) 


4 Majority and Minority Charge Curriers Definition ; 

p ; 

* The charge carriers that are Present in large quantity are called maj 
—— charge carriers Carry most of the electric 


ajority charge carriers. The major’) 
; charge or electric current in the Semiconductor, Hence, major”) 
charge carriers are mainly responsible for electric current flow in 


the semiconductor, 
: Ss ‘The charge carriers that are present in 51 
; 


" mall quantity are called minority charge carriers. 
* The minority charge carriers carry very small amount of electric i in 
semiconductor, 2 an aareeae SATB OC cleric, current 


2.6.5 Charge Carriers in Intrinsic Semiconductor + 
ee Reniconduictor 5 


* — The semiconductors that are in pure form are called intrinsic Semiconductors. In intrinsic semicondi™™ 
the total number of negative charge carriers (free electrons) is equal to the total number of positive chs! 
carriers (holes or vacancy). 


[otal ne negative charge carriers = Total positive charge carriers 


Semiconductors 


a 
156 Majority and Minority Charge Carriers in n-Type Semiconductor : 
0 n the Pentavatent atoms such as Pho"phorus or Arsenic are added to the intrinsic semiconductor, an 
felype semiconductor is formed. 


55 


+ An n-type semiconductor, large number of free clectrons is present. 
4 Hence, free electrons are the majority charge carriers in the n-type semiconductor. 


‘The free electrons (majority charge curriers) carry most of the electric charge or electric current in the 
eo type semiconductor, 


_ n-type semiconductor, very small number of holes is present. 


¢, holes are the minority charge carriers in the n-type semiconductor. 


. holes (minority charge carriers) carry only a small amount of electric charge or electric current in 
the n-type semiconductor. _) 


= The total number of negative charge carriers (free electrons) in n-type semiconductor is greater than the 
total number of positive charge carriers (holes) in the n-type semiconductor. 


Total negative charge carriers > Total positive charge carriers 


. Free electrons 


Free electrons = Minority carriers 


Free clectrons = Majority carriers 
Holes = Majority carriers Holes = Minority carriers 
FIG. 2.19 : MAJORITY AND MINORITY CHARGE CARRIERS 
IN P-TYPE AND N-TYPE SEMICONDUCTOR 


y and Minority Charge Carriers in p-type Semiconductor Eve 


© When the trivalent atoms such as Boron or Gallium are added to the intr 
| semiconductor is formed. 


* In p-type semiconductor, large number of holes is present. Hence, holes are the majority charge carriers 
- ‘in the Ptype semiconductor. 


semiconductor, a p-type 


* The holes (majority charge carriers) carry most of the electric charge or electric current in the p-type 
Semiconductor. 


* tn pttype semiconductor, very small number of free electrons is present. Hence, free electrons are the 
Minority charge carriers in the p-type semiconductor, 


‘The free electrons (minority charge carriers) carry only a small amount of electric current in the p-type 


— semiconductor. 


* The total number of negative charge carriers (free electrons) in p-type semiconductor is fess than the (otal 
Number of positive charge carriers (holes) in the p-type semiconductor, 


[fotat negutive charge carriers < Totul positive charge carriers ] 
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Syllabus Topic : Carrier Generation and Recombination 


2.7 GENERATION AND RECOMBINATION OF CARRIERS : 
EE ESE RECOMBINATION OF CARRIERS = 

1.__ Generation of carriers (free clectrons und holes) : 

‘The process by which free electrons and holes are generated in pair is called generation of carriers, 
When electrons in a valence band get enough energy, then they will absorb this energy and jumps into 
the conduction band. 

The electron which is jumped into a conduction band is called free electron and the place from where 
electron left is called hole. Likewise, two type of charge carriers (free clectrons and holes) gets generated. 
Recombination of carriers (free electrons and holes) : 


‘The process by which free electrons and the holes get eliminated is called recombination of carricrs. 
When free electron in the conduction band falls 
and hole gets climinated. 


28 LAW OF MASS ACTION : 
——— eer —eooae 


in to a hole in the valence band, then the free clectron 


The law of mass action states that the 
number of holes in the valence band i: 
©f donor and acceptor impurity added. 
Mathematically it is represented as 


Where, 1, = is the intrinsic carrier concentration . 
number of electrons in conduction band 
Pp = number of holes in valence band 


Product of number of electrons in the conduction band and the 
is Constant at a fixed temperature and is independent of amount 


2.8.1 Law of Mass Action for Extrinsic Semiconductor : 
ton for Extrinsic Semiconductor: 


The law of mass action is applied for both intrinsic and extrinsic semiconductors. For extrii 
the law of mass action states that the product of majority carriers and minority carriers is constant at 
fixed temperature and is independent of amount of donor and acceptor impurity added. 


1,__Law of mass action for n-type semiconductor : 


* The law of mass action for n-type semiconductor is mathematically written as 


where, 1, 


ic semiconductor 


= number of electrons in n-type semiconductor 
Py, = number of holes in n-type semiconductor 
‘The electrons are the majority carriers and holes are the minority carriers in n-type semiconductor, 


In n-type semiconductor, as the number of electrons (majority) in the conduction band increases the number 
| of holes (minority) in the valence band decreases, 


* — Therefore, the product of electrons (majority) and holes (minority) remains constant at fixed temperature, 
2.__Law of mass action for p-type semiconductor : 


* The Jaw of mass action for p-type semiconductor is mathematically written as 
Pp Np= 1? = constant 


where, My * number of holes in p-type semiconductor 
4, = number of electrons in p-ype semiconductor 


Te 2 


= : 57 
are the majority ca 
les jority carriers and electrons are\the minority carriers in p-type semiconductor. 


semiconductor, as the number of holes (majonty) in the v: increases the nul 
nd he ber of h jority) in the creases We 
alence band i h be 


eer: 


The flow of charge carriers, which is due to the 
applied voltage oF electric field is called drift 
_ current, —= 
In a semiconductor, there are two types of charge 
carriers, they are electrons and holes. 
+ When the voltage is applied to a semiconductor, the 
77 ire clectrons move towards the positive terminal 
of a battery and holes move towards the negative 
terminal of a battery. 

are the negatively charg 
holes are the positively charged particles. 
a we already discussed that like charges repel each 
other and unlike charges attract each other. 


ed particles and 


ge the electrons (negatively charged particle) 
are attracted towards the positive terminal of a 
battery and holes (positively charged particle) arc ; ss aN 
atiacted towards the negative terminal. FIG, 220 : DRIFT CURRENT \ 
na straight line towards the positive termina) of 


‘ontinuous collision w atoms they change the direction of flow. 

unces back in & random direction. The applied voltag 

d random motion of electrons, but it causes the electrons to drift towards the 
“_— pete Bhat 


ys try to move ii 


the electrons alwa| 
ith the 


* In a semiconductor, 
the battery. But, due (o © 

+ Fach time the electron strikes an atom it bot 
‘hot stop the collision ani 
Positive terminal. 

3 average velocity that an electron oF hole achieved due to the applied voltage 
drift_ velocity. 

* The drift velocity of electrons 


*_The drift velocity of holes is given by 
[ene] 
where, V, = drift velocity of electrons 
V,, = drift velocity of holes 
H, = mobility of clectrons 
“Hy = mobility of holes 
E = applied electric field 
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does 


or electric field is called 


is given by 


Physics (Group. 


* The drift current density due to free electron’, is given by 


a 
and the drift current density due to holes fs given by 
j 
where, J, = drift current density due {4 electrons 
Jj, = drift current density due to holes »~ w 
‘e = charge of an electron = 602 x 10"! Coulombs ©. 
n = number of electrons / 
* Then the total drift current densify is 
T=at+y, 


y 


= e-npE+ ene 


Electron mobility 
————Stton_mobility_: 


ee The abi 


ty OF an “tectron to move through a metal or semiconductor, in the presence of applied clectric 


field is called ¢‘ectron mobility. 
It is matheme ically written as 


am 


E = applied clecuic field _) 
Let us consider a semiconductor that consists of large number of free electrons, 
or elzctric field applied across the semiconduct 
Hov.ever, when the voltage or electric field is a 
move more quickly in particular direction, 
Electrons move very fast in vacuum, However, 
very “ast instead they move with a finite ave) 


When there is no voltage 


tor, the free electrons moves randomly. 


plied across the semiconductor, each free electron starts to 


in metals or semiconductors, free electrons do not move 
Frage velocity, called drift velocity, 
» When the electric field increases drift velocity 


However, (nobility of electrons is independent of applied electric field i.e, change in electric ficld does 
Hot change the mobility of electrons, 


The SI unit of electric field is V/m, and the SI unit of velocity is m/s, Thus, 
is m7 (Vs), r 


| 2 Hole mobility 


The ability of an hole to move through a metal or 
is called hele mobility, 


the SI unit of mobility 


semiconductor, in the presence of Applied electric field 


5 


sencondnc™ 


his mathematically written as 


V, = ME , 
7" V, 
‘ hae 


where, Vp= drift velocity of holes 
ity of holes 
E = applied electric ficld _) 


Syllabus Topic : Carrier Transport : Diffusion . ; 


pf DIFFUSION CURRENT : v [ GTU, January-2019 
L Explain drift and diffusion current. 


[January-2019, 4-Marks] 
Bis process by which, charge carriers (clectrons or holes) in a ‘semiconductor moves from a region of 
higher concentration to a region of lower concentration is called diffusion. 
e region in which more number of electrons is present is called higher concentration region and the 
region in which less number of electrons is present is called lower concentration region. 


Non uniform concentration Uniform concentrution 
of clectrons 


Higher Diffusion of electors Lower 
Concentration Concentration 
Region Region 


» FIG. 2.21 : DIFFUSION CURRENT 

urrent produced duc to motion of charge ¢: 

concentration is called diffusion curren! 
gions a 


tniformly doped. 
y doped as shown in below figure. Due to the non 


‘ 4 
__Sonsider an n-type semiconductor that is non-uniform! 
4niform doping, more number of electrons is present at left side whereas lesser number of clectrons ts 


Pi Present at right side of the semiconductor material. 
ee fumber of electrons present at left side ‘of semiconductor material is more. So, 
Pericnce a repulsive force from each other. 
ie ams present at left side of the semiconductor materia 
Concentration of electrons. 


ler the semiconductor material achieves equal 
’ Side to right side will constitute current, 4 


iis 
ri Current is called diffusion current. In p-type semiconductor, 


arriers from a region of higher concentration to a region of 
1. Diffusion process occurs in a semiconductor that is non- 
= ais 


these electrons yl! 


. 
ach the 


I will moves to right side, 0 1 


rom 


. 
concentration of electrons, Electrons that moves fi 


the diffusion process occurs in the sin 


Physics (Group, 
* _ Both drift and diffusion current occurs in semiconductor devices. 


Diffusion current occurs without an Xternay 
voltage or clectric field applied. Diffusion current does not occur in a conductor. 


* The direction of diffusion current is same or Opposite to that of the drift current. 


_ at. 


> diffusion current density is directly Proportional to the concentration gradient. Concentration gradien, 
is the difference in concentration of electrons or holes in a given-area, 


If the concentration gradient is high, then the diffusion current density is also high. Similarly, if the 


<—— concentration gradient is low, then the diffusion current density is also low. 

Ss The concentration gradient for N-type semiconductor is given by 
iy The concentration gradient for P-type semiconductor is given by 

where, Jg= diffusion current density due to electrons 

J, = diffusion current density due to holes 

2.112 Diffusion Current Senn Current Density : 

BE The aihisiin canead ay diffusion current density due to electrons is given by 

aoe, 

where,D,, is the dif diffusion coefficient of electrons 

° ©The diffusion unre current density due to holes is given by 


Concentration Gradient : 


where, D,, is the diffusion coefficient of holes 


+ The total current density due to electrons is the sum of drift and diffusion currents. 


eh 


= Drift current + Diffusion current 


J, = enpE+ ep, 


es current density due to holes is the sum of drift and diffusion currents. 
Jj, = Drift current + Diffusion current 


The wtal current density due tw electrons and holes is given by 


———— 


Syllabus Topic : P-N Junction 


PN JUNCTION : 


ft ‘what is PN junction diode ? What is external bias 2 Describe its forward and reverse bias conditions 
[May-2019, 7-Marks] 
[May-2020, 7-Marks} 


with appropriate diagram, 


fp Esplin forward and reverse ‘bias conditions in PN junction diode. 


‘When one-half of a crystal is a P-type semiconductor and the 
half is an N-type semiconductor, the contact surface is 
called a PN junction. 
Most semiconductor devices contain one or more PN junctions. 
. The PN junction is very important because it is the main control 
‘element in semiconductor devices. 
‘ mentioned earlier, an N-type semiconductor has free 
‘electrons and an equal number of stationary positive ions. 
While P-type semiconductor has mobile holes and “an equal 
‘umber of fixed negative ions. ‘Thus each region ina PN junction 
initially neutral. — 
ever, owing to their random motion, at the junction there 
‘atendency for the free electrons to diffuse over to the P- 
‘side and holes to the N-side 
— wiht 
Ahis process is called diffusion. As the free electrons move 
‘xcross the junction from N-type to p-type, the donor ions become 


POsitively charged. 
Hence a positive charge is built on the N-side of the junction. 


* The free electrons that cross the junction uncover the negative 
acceptor ions by filling in the holes. 


excess negative charge and positive charge respectively. 
cam the Posie 


a 
Puside to N-side. 

—> These impurity ions so | produced are fixed in 

Hence as shown in Fig. 2.22, they form paral 


1 _Ahhus a potential difference is created across the junction, Hence 
movement of charge carriers. This is called a 


JA potential difference built up across the PN junction which restricts further movement of ch 


 _Xfoss the junction is known as potential barrier . 

Te The bamier coucnt £ - 

. barrier potential for germanium PN junct 
The clectrostatic field across the junction caused by the po 


the holes away from the junction and negatively charged P-region tends to drive Ul 
a eytem 0 pact 


their positions in the ct 
el rows or plates of oppos 


tion is nearly 0.3 V and 


FIG. 2.22 : FORMATION OF 


PN-JUNCTION 


into the P-side. Similarly the net positive charge on the N-side repels the holes cro: 


ore a net negative charge is established on the P-side of the junction. Thus regions P and N acquire 


The net negative charge established on the P-side of the junction prevents further diffusion of electrons 
ssing the junction from 


crystal lattice in the P and N regions. 
ite charges facing each other. 


the junction acts as & barrier which restricts 


ively charged N-ty| 


potential barrier or junction barrier Vy. 


pe region tends (0 


arge Carriers: 


0.7. V for silicon PN junction. 


drive 


he electrons away from 


, 
2 Thus on both sides of the junction a layer is formed which ix depleted of Hes electrons and holes. Hence 


is called depletion layer. It contains only immobile, positive and negative ions 
——— eae ce bee Md 


is shown in Fig. 


2.22 
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letion layer : ; a 

.. region around the junction from which the charge carriers (free electrons and holes) are depleted jg 
called depletion ‘layer. 


2.12.1 Behaviour of a PN Junction Under Biasing : ’ clic: 

* When a PN junction is connected across an electric supply (potential difference) the junction is said io 
be biased. . — 

+ The potential difference across the PN junction can be applied in two ways, namely forward biasing and 
reverse biasing. 
everse Dias 


_ Forward Biasing : 


* _ When the positive terminal of a d.c. source or battery is connected to P-type and negative terminal is 
— connected to N-type semiconductor of a PN junction as shown in Fig. 2.23, the junction is said to be 
in forward biasing. - F#e-w—] oN 
Fag applied potential with external battery acts in Opposition 


to the internal potential barrier. 

* _Under forward bias condition, the applied positive potential 
repels the holes in P-type region so that the holes move 
towards the junction and the applied negative potential 
repels the clectrons in the N-type region and the electrons 
move towards the junction. « 

* Eventually when the applied Potential is more than the 


E 
internal barrier potential, the depletion region and internal FIG. 2.23 : PN JUNCTION UNDER 
Potential barrier disappear. FORWARD BIAS 


* _ Since the potential barrier voltage is very small (nearly 0.7 V for silicon and 0.3 V for germanium junction) 
BZ small forward voltage is sufficient to completely eliminate the barrier, 


* Once the potential barrier is eliminated by the forward Voltage, current starts flow’ 
junction. This current is called the forward current. » 


* The following points are worth noting : 


(1D) Under forward biasing the potential bas 
and 0.7 V for Si) it is eliminated. 


ing casily through the 


rier is reduced and at some forward voltage (0.3 V for Ge 


Rp to the flow of current through it 
nds upon the applied forward voltage. 


feverse biasing. 
* — Under applied feverse bias as shown in Fig. 2.24 
ees which form the majority carriers Of the P-side | HOLES 
move towards the negative terminal of the battery 
and electrons which form the majority carriers of the 


N-side are attracted towards the positive terminal of 
the battery, 


FIG. 2.24 + PN JUNCTION UNDER REVERSE BIAS 
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ag the width of the depletion region which is depleted of mobile charge carriers increases. 
d 


he electric field produced by applicd reverse bias is in the same direction as the electric field of 
the potential barrier. 


ions. 


a the resultant potential barrier is increased which prevents the flow of majority carriers in both the 
dirccti 


a theoretically no current should flow in the external circuit, But in practice, a very small current 
of 


the order of a few microamperes flows under reverse bias. J 


. jis current is known as reverse saturation current. The magnitude of reverse saturation current mainly 


depends upon junction temperature. 
Following points are important to note under reverse biasing : 
(1) The junction potential barrier is strengthened. 
(2) The junction offers a high resistance (called reverse resistance, R,) to the flow of current through it. 
43) Practically no current flows in the circuit but a little current (in microamperes) flows through the 
junction because of minority carriers available even at room temperature, 
From the above discussion, it is concluded that with forward bias, a 
q Z . ct ‘Arrow Head 
"low resistance path is set up by the PN junction and hence current flows 
through the circuit on the other hand with reverse bias, a high resistance 
path is established by the PN junction and hence no current flows 
through the circuit. FIG. 2.25 : SYMBOLIC 
ee 5 see REPRESEN-TATION OF 
This unici it conduction makes it fect junction diode. 
unidirectional current conduction makes It a pe! jut n JUNCTION DIODE 


Therefore, a PN junction is also called a-semiconductor diode. It is also 
known as crystal diode. Its symbol is shown in Fig. 2.25. 


Syllabus Topic + Metal-Semiconductor Junction 


431 Metal-semiconductor (M-S) Junction : in 
*  Metal-semiconductor (M-S) junction is a type of junction formed 2 


213 METAL-SEMICONDUCTOR JUNCTION 


In solid-state physics, a metal-semiconductor (M-S) junction is a type of junction in which a metal comes 
in close contact with a semiconductor material. 

It is the oldest practical semiconductor device. 

MS junctions can cither be rectifying or non-rectifying. 

The rectifying metal-semiconductor junction forms a Schottky barrier, making a device known as a Schottky 
diode, while the non-rectifying junction is called an ohmic contact. 


between a metal and an n-type semiconductor when the metal 
's joined with the n-type semiconductor. Metal-semiconductor 


Junction is also sometimes referred to as M-S junction. 
The metal-remiconductor junction can be cither non-rectifying Meul | som | 
OF Fectifying. 


‘The non-rectifyi oti FIG, 2.26 : METAL- 
1ectifying metal-semiconductor junction is called ohmic SEMICONDUCTOR (MLS) JUNCTION 


t. 
The rectifying metal-remiconductor junction is called Schottky barrier. 
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2.13.2 What is a Schottky Barrier ? 
my _ Barrier < 


* Schottky barrier is a depletion layer formed at the junction 
of a metal and n-type semiconductor. 

In simple words, schottky barrier is the potential energy 

barrier formed at the metal-semiconductor junction. The 


electrons have to overcome this potential energy barrier 
to flow across the diode. 


‘Schottky barrier 


The rectifying metal-semiconductor junction forms a 
rectifying schottky barrier. This rectifying schottky barrier 
is used for making a device known as schottky diode. 
The non-rectifying metal-semiconductor junction forms 
a non-rectifying schottky barrier. 


FIG. 2.27 : SCHOTTKY BARRIER 

One of the most important characteristics of a schottky barrier is the schottky barrier height. The value 
of this barrier height depends on the combination of semiconductor and metal. 
The schottky barrier height of ohmic contact (non-rectifying barrier) is very low whereas the schottky 
barrier height of non-ohmic contact (rectifying barricr) is high. 
In non-rectifying schottky barrier, the barrier height is not 
high enough to form a depletion region. So depletion 
region is negligible or absent in the ohmic contact diode. 

© On the other hand, in rectifying schowky barrier, the 
barricr height is high enough to form a depletion region. 
So the depiction region is present in the non-ohmic contact 
diode. 
The non-rectifying metal-semiconductor junction (ohmic 
contact) offers very low resistance to the electric current 
whereas the rectifying metal-semiconductor junction 
offers high resistance to the clectric current as compared 
to the ohmic contact. 
The rectifying schottky barrier is formed when a metal 
is in contact with the lightly doped semiconductor, 
whereas the non-rectifying barrier is formed when a metal 
is in contact with the heavily doped semiconductor. 
‘The ohmic contact has a linear current-voltage (I-V) curve 
whereas the non-ohmic contact has a non-linear current- FIG, 2.28 : RECTIFYING AND 
voltage (I-V) curve, NON-RECTIFYING BARRIER 


. 


Non-rectifying barricr 


.3 Schottky Diode Definition 


Schouky diode metal-semiconductor junction diode that has less forward Voltage drop than the 
P-N junction diode and can be used in high-speed switching applications. 
2.13.4 Symbol of Schottky Diode : 
* The symbol of schottky diode is shown in the below ‘Anode Cathode 
figure. In schottky diode, the meuil acts as the anode and 
n-lype semiconductor ucts ax the cathode. 


FIG, 2.29 1 SYMBOL OF SCHOTTKY DIODE 


A _,  e 


Forward Biased Schottky Diode : 
Z If the positive terminal of the battery is Depletion region 
connected to the metal and the negative Blectric current 
terminal of the battery is connected to the a Oa Sr 
ype semiconductor, the schottky diode is 
said to be forward biased. 
| When a forward bias voltage is applied to the 
agai diode, a large number of free electrons 
re generated in the n-type semiconductor and 
metal. 
+ However, the free electrons in n-type 
semiconductor and metal cannot cross the 
junction unless the applied voltage is greater 
than 0.2 volts. 
If the applied voltage is greater than 0.2 volts, 
‘he free electrons gain enough energy and 
‘overcomes the built-in-voltage of the depletion 
region, AS a resull, electric current starts FIG. 230 : FORWARD BIASED SCHOTTKY DIODE 
flowing through the schottky diode. 
the applied voltage is continuously increased, the deple' 


disappears. 


2136 Reverse Bias Schottky Diode : 


~ If the negative terminal of the battery is 
connected to the metal and the positive 
terminal of the battery is connected to the n- 
type semiconductor, the schottky diode - is 
said to be reverse biased. 
* When a reverse bias voltage is applied to the 
—“‘hoitky diode, the depletion width increases. 
‘As a result, the electric current stops flowing. 
« However, a small leakage current flows due 
to the thermally excited clectrons in the 
metal. 
as the reverse bias voltage is continuously 
increased, the clectric current gradually 
increases due to the weak barrier. 
as Five electrons O 


Mf the reverse bias voltage is largely Hoks © 
increased, a sudden rise in electric current 


Holes O 


tion region becomes very thin and finally 


REVERSE BIAS SCHOTTKY DIODE 


lakes place. FIG. 23 
1 Ants sudden rise in electric current causes depletion region to break down which may pefmanently damage 
the device, 
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3.7_V-1 Characteristics of Schottky Diode 
—— hy _ Diode = 


The V-1 (Voltage-Current) characteristics of schottky 
~—— diode is shown in the below fig. 2.32. 


Corrent 


The vertical line in the below figure represents the 


Fg current flow in the schottky diode and the horizontal 


Forward 
line represents the voltage applied across the ccharateristics 


schottky diode. 


* / The V-I characteristics of schottky diode is almost 
ae similar to the P-N junction diode. However, the 
forward voltage drop of schottky diode is very low 
as compared to the P-N junction diode. 

The forward voltage drop of schottky diode is 0.2 
to 0.3 volts whereas the forward voltage drop of 
silicon P-N junction diode is 0.6 to 0.7 volts. 


Ifthe forward bias voltage is greater than 0.2 or 


03 volts. clectric current starts flowing through the FIG. 232 : V-1 CHARACTERISTICS 
schottky diode. 


OF SCHOTTKY DIODE 
_ os diode, the reverse saturation current occurs at @ very low voltage as compared to the silicon 
diode. 


Syllabus Topic : Secmiconductor mater 


ls of interest for optoclectronic devices 


Hebden ee) me 
214 SEMICONDUCTOR MATERIALS USED IN OPTOELECTRONIC DEVICES : 
DEVICES 

1. Photo-conductors : 


Material 


Application arca 
Visible optical range 


Infrared portion of optical spectrum 


0.67 
Indium antimonide (InSb) Infrared portion of optical spectrum 
2 Photo-conductors : 


Germanium (Ge) 


Transmission of absorbed fight 
Hy 


lighly sensitive low optical level avalanche 
photo-diode 


Application area 
Ultraviolet optical spectrum 
Infrared emitters 


in optical communication 
“systems, LASERs (Infrared) 


Yellow and green LEDs LASERs (visible) 


Semiconductors 67 
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2.15 COMPARISON BETWEEN N-TYPE AND P-TYPE SEMICONDUCTORS 


Orr OO Oo OE 
E Give difference between N type and P type semiconductors. [January-2019, 3-Marks] 


Trivalent impurities are added 
Majority carriers are clectrons. . _ Majority carriers are holes. 


Minority carriers are holes. Minority carriers are electrons. 


Fermi level is near the valence band. 


Give difference between intrinsic and extrinsic semiconductors. (January-2019, 7-Marks] 


Intrinsic semiconductor _| Extrinsic semiconductor 
Purity of semiconductor | Pure semiconductor. [Impure semiconductor. 


Density of electrons Density of electrons is equal to |Density of clectrons is not equal to the 
the density of holes. density of holes. 


Electrical conductivity __| Electrical conductivity is low __|Electrical conductivity is high 


Temperature effect Dependence of temperature only. | Dependence on temperature as well as on 
the amount of impurity only—— 
Impurities No impurities Trivalent impurity, pentavalent impurity. 


Fermi Level Fermi level lies in between Fermi level lies 


valence band in p-type 
valence and conduction Bands, |and near condu 


ion band in n-type. 


Explain with important properties of semiconductors. (Refer Section-2.1) 
2. Explain concept of Hole in semiconductor ? (Refer Section-2.2) 

3. Explain Intrinsic Semiconductor in brief. (Refer Section-23) 

4. Explain Carrier concentration in intrinsic semiconductor, (Refer Section-2.3.4) 

5. Explain Fermi level in intrinsic semiconductor. (Refer Section-2.4) 

6 How Fermi level varies with respect to temperature in intrinsic semiconductor ? Explain bricily. 
(Refer Section-2.4.1) 

Explain Extrinsic Semiconductor in brief. (Refer Section-2.5) 

What me the types of Extrinsic Semiconductors based on impurities added ? (Refer Section-2.5.4) 
Explain Fermi level in extrinsic semiconductor, (Refer Section-2.5.5, 2.5.6 & 2.5.7) 

10. Explain Majority and Minority carriers in n-type semiconductor, (Refer Seetlon-2,6.6) 

{1. Explain Majority and minority carriers in p-type semiconductor. (Refer Seetion-2.6.7) 
12. Explain generation and recombination of carriers, (Refer Section-2,7) 


State and explain Law of Mass action for semiconductor, (Refer Section 
. Write short notes on : 


(1) Drift current. (Refer Scction-2.9) 
(2) Diffusion current. (Refer Section-2.11) 


(3) Electron and hole mobility, (Refer Section-2.10) 
“15. Explain P 


-2.8) 


'-N junction with forward biasing and reverse biasing circuit. (Refer Section-2.12) 
4 Explain metal-semiconductor junction in brief, (Refer Section-2.13) 


What are the materials used in Optoelectronic devices ? (Refer Section-2,14) 


GTU QUESTIONS AND ANSWERS 


= Below Questions are from previous GTU Examination Papers 


‘type and P-type semiconductors, 


| | Note to the Students ; 
Students = 


Give difference between N 
Ams. : Refer Section-2.15 


‘Ans. : Refer Section-2.9 & 2.11 


4. Derive expression of electron concentration in conduction band\/ , 
Ans. : Refer Section-23.3 & 2.34 


S. Explain intrinsic and extrinsic semic 


‘onductors with necessary diagram. _ 
Ans. : Refer Section-23 & 25 
6 What is PN Junction diode 2 What is external bias ? Describe its forward and reverse bias conditions 
with appropriate diagram, 
Ans. : Refer Section-2,12 


7. Derive equations for n-type semi 


i f conductor to determine dependence of fermi level On temperature and 
doping concentration. 
Ans. : Refer Section-2,5,5 
8. Consider n-lype silicon @ Sength of 100 i 2, mi 
\ < HM, Cross sectional area 10-7 cm2, it 
charge carrier life time 10-4 S He 18 O13 m2/-V5 and Hy is 0.05 m2/ Vs. = mousy 
Find (1) Electron wansit time. 


semiconductor with 


(2) Photo conductor gain when voltage Applied to the Photoconductor is 12 Vv. 


2. 


Explain forward and reverse bias conditions in PN junction diode, 
Ans. ; Refer Section-2.12 


7” 


Jo. Define Intrinsic and extrinsic semiconductor, \ 

Ans, + Refer Section-2.3 & 2.5 

11. Explain Schottky diode in detail. 

Ans. : Refer Section-2.13.3 

12. Explain the dependence of Fermi level on temperature, 

‘Ans. : Refer Scction-2.4 

13, Fermi energy of a given substance is 7.9 eV, What is the average energy and speed of electron in 
this substance at 0 K ? 

: Given Ep = 7.9 eV 


average energy 


and 


2x 4.74 x 1,6 x10"? 
a 
9.1% 107" 
«|v = 1.29 x 10% m/sewe. 


14. Define Fermi level for intrinsic semiconductor. How it will chang. 
Explain with suitable diagrams. —~ 
‘Ans, : Refer Section-2.4 


15. Explain formation and working 
and its 1 V characteristics. 


Ans, ; Refer Section-2.12 


16. Write down an expression for 
an intrinsic semiconductor. Ex; 

Ans. : Refer Section-2.3.5 ~ 

17. Explain n-type and p-type semiconductors with suitable diagrams. 

Ans. : Refer Section-2.15 aoe 

18. Write down any three differences between intrinsic and extrinsic semiconductors. 

Ans. : Refer Section-2.16 se 

19. Explain construction and working of Schottky junction: 

Ans. : Refer Section-2.13 

2. Explain law of mass action. 

Ans. : Refer Section-2.8 

21. Derive « formula for carrier concentration in n-type semiconductor. 

Ams. + Refer Section-2.5.5 fo 


¢ in p-type and n-type semiconductors. 


of pon junction diode in forward and reverse biasing by proper diagrams 
_ e 


the probability of occupancy of a particular energy state of an electron in 
plain it from the graph at 0° K and at room temperature. 


- 


see 


Book \\\\ 


Also Refer GTU Paper Solutions at the End of the 


a . 
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GTU Questions and Answers 


oe Junuary-2019, 2020 


GTU Questions 


Explain emission and absorption. 


_*~ Absorption of radiation is the process by 


Which electrons in the ground state al 
to jump into the higher energy level, 


Light-Semiconductor Interaction 7m 
=——— 


us consider two energy levels (E, and E,) of electrons. E, is the ground state or lower energy state 
of electrons and E, is the excited state or higher energy state of electrons. 


~The electrons in the ground state are called lower energy electrons or ground state electrons whereas the 

7 electrons: in the excited state are called higher energy electrons or excited electrons. 

+ In general, the clectrons in the lower energy state can’t jump into the higher energy state. They need 
jent energy in order jump into the higher energy state. 


Lower energy state Lower cnergy state 
FIG. 3.1 : ABSORPTION OF RADIATION OR LIGHT 


| = 
| the process is represented as 


+ The frequency of the absorbed photon is 


foe 
Sylinbus Topic : Spontaneous Emission 


Z SPONTANEOUS EMISSION : | GTU, January-2019 | 


GTU Questions 


L Explain emission and absorption. [Junuary-2019, 4-Marks} 


3 means by “own” or “natural”. 

*_Spontancous emission is the process by which electrons in the excited state return to the ground state 
by emitting photons. 

* The electrons in the excited state can stay only for a short period (10° second), 


Energy 
(Before photon emission) (Photon emiasion during transition» 


High energy state High energy state 
BE, 
= Qiloctwu 


Lower energy state Lower energy sate 
HIG, 3.2 + SPONTANEOUS EMISSION 


lower encray saiv) 


| 


2 Physies (Group-11) 


Tis afler the short lifetime of the excited clectrons, they return to the lower energy state or ground 
State by releasing energy in the form of photons, this Process is known as spontaneous emission 


= The process is represented as 


[Aiom*— Atom Phowon] _) 


STIMULATED EMISSION 

Stimulated means under the influence Of some external force. 
Stimulated emission is the Process by which incident photon interacts with the excited electron and forces 
it to retum to the ground state, 

In stimulated emission, the light energy is Supplied directly to the excited electron instead of supplying 
light energy to the ground state electrons. 

The stimulated emission is not a natural process it is an artificial process. 

When incident Photon interacts with the excited electron, it forces the excited electron to retum to the 


ground state. This excited electron release energy in the form of light while falling to the ground state. 
Energy 


(Before photon emission) (Photon emission during transition) 


High energy state High energy state 
E, 


Excited state clecuon 
releasing two photons 
during transition (higher 


ae 
to lower cnergy state) - 


E,; ———_O.Eketron__ 


Lower energy state Lower energy state 
FIG, 3.3 : STIMULATED EMISSION 


: 


The stimulated ¢mission process is very fast compared to the Spontancous emission Process, 
* The process is Tepresented as 


bao e Atom* + Photon > Atom + (Photon + Photon 


META STABLE STATE ; 


* It is the state where the atoms Bel excited and remains in the excited state for longer time than the normal 


* — This state plays an imponan, role in lasing action, uy 
* In metastable state, atoms say of the order of 10% to 102 
second, In excited state other than Mictastable atom stay of order 
of 10 second, 5 ‘nal 
‘ 


* Let By, By, By bo the enetsy eve oF the. system, FIG. M4: META STABLE St 
* Ey ts the metastable state of the system, 


Light-Semiconductor Interaction 3 
eS 


GAIN: 
& * 
When atoms come down (o ground state from metastable state, they emit photons in random directions. 


When emitted photons incident normally on mirror (optical resonator), they bounce back and forth. So 
they induce stimulated emission and laser action grows, 


a Laser intensity (1) grows exponentially and intensity on one bounce will be 


where, d = path length in active medium, 
B = gain coefficient 
Ig = initial intensity. 
In optical resonator losses are present when light bounces back and forth. 


Light absorption by medium and by mirrors " Necti Escaping photon 
bere all loses except reflectance losses may Bilt Ped a 


__ be grouped into a single loss constant ot, then 

\ loss per unit length when length of 
“medium is d. 

pose the reflections of the front and back 

“mirrors be R, and R,. 

Ba lheMetcdRR, ... (2) 


= Phd ¢2ad RR, - 3) 


R, ‘Stimulated emission R 
f FIG, 3.5 ; A LASER CAVITY WITH HIGHLY 

REFLECTING ENDS SHOWING THE STIMULATED 
for laser action G > | EMISSION OF LIGHT AND THE ESCAPE OF SOME 


PRIMARY PHOTONS THROUGH THE SIDE WALLS Ay. 
Euample-3.1 ; 


The transmitted intensity is 0.4 times intensity of incident light. If this light is incident on a 
*siconductor having a thickness of 0.5 cm then find ubsorption coefficient. 


We known a= 2.303% =a 
Az- toe 
A = log (0.4) = 0,3979 
@ = 2.303% A 
0.3979 
A = 23001 
a = 1.432 em! 
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T20hFo =) =0.% 
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SyNabus Topic : Optical joint Density of States / Density of states for photons == 
36 OPTICAL JOINT DENSITY OF STATES : 


A. Derive an expression for joint density of states, 


(January-2019, 4-Marks} 
2% What is radiative and non-radiative transition. Explain in brief the optical j 


joint density of states, 
(May-2019, 7-Marks] 


& Derive an equation of joint density of states. (January-2020, 7-Marks] 


‘The density of states in a semiconductor refers to the number 
Of allowed electron states Per unit volume per unit energy 
interval. 
Now we will plot a graph (Fig. 3.6) or p(v) versus E. In this Ls) 
Braph when hy > E,. it will provide inter band transition. 
Let us consider a radiation which is incident of energy hv ole, ee 
and consider level E, and E,, FIG. 3.6 : GRAPH OF P(V) VERSUS E 
Level E, in the conduction band and E, 
Relative locations of various energy states involved in 
inter-band transition are shown in Fig, 3.6.1. 

*_- Since the absorption or emission takes place from the 
eg ‘of valence band and bottom of conduction band 
Tespectively, we can have a Parabolic approximation as, 


in the valence band. 


ee 
E, = Brame o» (1) 
ae 5, = 5+ he © 
ae i 
Joint density does not depend on E, or B,, it depends 
on E - Ey. a 


energy of photon hy is given by 


Wv =B,-£ 
E, ay FIG, 36.1 : RELATIVE LOCATIONS OF 
Pare hk DIFFERENT ENERGY STATES INVOLV D 
"e am, IN INTER-BAND TR. 


‘ANSITION; ACCORD ING 


Re TO E-K DIAGRAM 
hy = (E.- E,)+ } 

aia a 
Wwe EB cas where, E, = forbidden gap 


m, = reduced mass 


75 
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EEE 
= Substituting this value of & in equation (1) and (2), we get 


In the above equation E., m,, m,, Ey are constants, only E> and y are variables. 


ee 2m, 
E, = B+ te dw Ep (FE 


2 
Simitarly, E, = E,- a ine en] 


E,) a(S). 


Hence we have 
Pe(E:) dE, = pv) dv 
where, p(v) dv’ is the ‘no. of states per unit volume available for photons of energy between hy and 


hie + dy) | to interact (either absorb or émit). x 


Once we find out p(v) dv, density of states available for interaction and multiply it by probability of emission 
or absorption, we can’ obtain total no.’ of emissions or absorptions per unit volume. 


2 (6) 


From’ equation (6) 


dE: 
plv) = Pe 2) Ge oalvi) 
From equation (4) - 
B= B+ Te dy E,) 
S 
1 efit u 
D (& -E,)? = rj (w-E,?  ®) 


Optical joint density of states gives the no. of states available for photons to interact with. 


From equation (7), we have 
r. nee 
v0 = she (FE Fe - E,) a) 


aes value of (E, -E, ? from equation (8), we get 
' 


‘ 1 

7 1 (2m, ¥*, m,(m.¥ or ch 

“ pv) = (= nae (te (Ey - Ey) 
ae a) im (me 


7 
od 
ea equation (9) ix called joun_density af staigs. 


o pvp = bs (2m, 32 (ey 
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Syllabus Topic : Transition Rates (Fermi Golden Rule) 
_/ALEERMI'S GOLDEN RUL 
S7RERMUS GOLDEN RULE = 


1, Discuss fermi golden rule. (January-2019, 2020, 4-Marks} 
Tn quantum physics, Fermi's golden rule is used to calculate the transition rate. 

> A transition rate depends upon the Strength of the coupling between the initial and final state of @ system 

a and upon the number of ways the transition can happen (i.¢., the density of the final states). 

In many physical situations the transition Probability is given by 


where, dy = Transition probability 
IMy| = Matrix clement for the interaction 
Py = Density of final state 
<The above equation is known as fermi's golden rule, 
, + The wansition Probability 4 is also called the decay probability and is related to the mean lifetime + of 
te state by 2 = L 


s: general form of Fermi's golden rule can apply to atomic transitions, nuclear decay, scattering ... a 
as Yariety of physical transitions. 


= A tansition will proceed more rapidly if the coupling between the initial and final states is stronger. ‘This 
Se coupling term is traditionally called the “matrix clement” for the transition: this term comes from an 
altemative formulation of quantum mechanics in terms 


of matrices rather than the differential equations 
_—— Of the Schrodinger approach. 


‘The matrix element can be placed in the form 
Bee is expressed as a potential V which Operates on the initial state wave function. 


The wansition Probability is proportional to the Square of the integral of this interaction over 
‘Space appropriate to the problem, 


My =Jvj-Vow-dv 


where, V = Operator for the physical interaction which cou 


ys = Wave function for final state 
¥, = Wave function for initial state 
pe The transition Probability is also Proportional to the density of final states Pp 


of an integral where the interaction which causes the transition 


all of the 


+ (2) 
ples the initial and final state of the system. 


a _ Syllabus ‘Topic + Photovoltaic Effect 
| PHOTOVOLTAIC EFFECT ; 
eee 


2 


GIU Questions 


1, What is photovolutic effect 7 Explain construction and working of solar cell. [Januury-2019, 7-Murks| 
2 What is photovoltaic effect 7 Explain construction and working of a solar cell with suitable diagram, 

IMay-2019, 7-Murks! 
3. Explain photovoltaic effect, With required diagrams discuss construction and working of solar ect. 


[January-2020, 7-Marks] 
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5 effect due to which light cnergy is converted to electric energy in certain semiconductor materials 
is known as photovoltaic effect. 


a “Photo” means light and “Voltaic” means voltage. 
‘AML Photovoltaic Cell or Solar Cell ; 


‘The photovoltaic cell is the semiconductor device that converts the light into electrical energy. 

wv ‘yollage induces by the PV cell depends on the intensity of Ii ident on it. The name Photovoltaic 

c js because of their voltage producing capability. 

7 easiens w ‘of the semiconductor material are joined together by the covalent bond. The electromagnetic 

rf radiations are made of small energy particles called photons. When the photons are incident on the 
semiconductor material, then the electrons become energised and starts emitting. 

. ‘energises clectron is known as the Photoelectrons. And the phenomenon of emission of electrons is 
‘known as the photoclectric effect. 

Ate working of the Photovoltaic cell depends on the photoclectric effect. 


ion of Photovoltaic Cell : 

4 The semiconductor materials like ree 
arsenide, indium, cadmium, silicon, 

selenium and gallium are used for 

making the PV cells. Mostly silicon Ani reflecting 

Tadiselenium are used for making — “™"# 


“the cell. 


Nickel plating 


~ 


} A eos 
i od 


P-type Silicon 


the figure below shows the 
—‘constructions of the silicon 


Photovoltaic cell. 

* The upper surface of the cell is Ole 

——Thiade of the thin layer of the p-type = © Blectron 
material so that the light can casily FIG. 3.7 : CONSTRUCTION OF PHOTOVOLATIC CELL 
enter into the material. 

.. metal rings are placed around p-type and n-type material which acts as their positive and negative 


output terminals respectively. 
* The output voltage and current obtained from the single unit of the cell is very less. 


) a wD 
(HO a) 0) cop 
cet [CO 


Solar Panel 


e AND SOLAR PANEL 


HIG. 3.4) SOLAR CELL, SOLAR MOD! 


ae The m. ide Of the output Voltage is 0.6 V, and 
Of cells are used for Mereasing the output effici 


* _ The solar module is constructed by connecting the single solar cells, And the 
—" modules together is known as the solar panel, 


= Working of PV Cott ; 
‘The light incident on the semiconductor | 
Material may be pass or reflected 
through it, 


absorbs light, the clcctrons of the 
“Matcrials starts emitting. 


* _ This happens because the ight consists 
5 “Small energise particles called photons. 
When the clectrons absorb the Photons, 
~ they ‘become energise and stants moving 
__inlo the material, 


Physien (( roup-Hf) 


that of the current is 0.8 AX The different combination, 
iency, 


combination of the solar 


Rt 
FIG. 3,9 : WORKING OF PV CELL 


fo form the PN junction. 


‘The junction is the interface the P-type and n-ty, 


‘pe material. When the light fall on the junction the electrons 
moving from one region to another. 


Equivalent Circuit of a Solar Cell : 


FIG, 3.9.1 : EQUIVALENT CIRCUIT OF SOLAR CELL, 


yo ‘The schematic symbol of a solar cell as shown in Fig. 3.9.2. 
2 To understand the electronic behaviour of a 


Solar cell, it is useful to create 4 model which is electrically 
equivalent, “Z 
8 An ideal solar cell may be modelled by @ current source in parallel with a diodg; in Practice 4, Ta 
no solar cell is ideal, so a shunt resistance and a series resistance Component are added to the 
model, 


* — The sesulting equivalent circuit of a solar cell is shown in Fig. 3.9.1, 


— 


39.2 1 SYMBOL 
SOLAR CELL 
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S=———— 
Characteristic Equation of a Solar Cell : 


shows that the current produced by the solar cell is equal to that produced 
us that which flows through the diode, minus that which flows through the shunt 


1 = output current (amperes) 

1, = photogenerated current (amperes) 

Ip = diode current (amperes) 

Igyy = shunt current (amperes) 

through these elements is governed by the voltage across them : 


V, = voltage across both diode and resistor Rgy, (volts) 
V = voltage across the output terminals (volts) 

1 = output current (amperes) 

Rg = series resistance (2). 

Ip diverted through the diode is : 


[=m for 


Ig = reverse saturation current (amperes) 
n = diode ideality factor (1 for an ideal diode) 
q = clementary charge. 
& = Boltzmann's constant 
T_ = absolute temperatyre 

At 25°C, kT/q ~ 0.0259 volts. 

~ ae 

* By Ohm's law, the current diverted through the shunt resistor is + 


Rgu o (A) 


where, Rgjy = shunt resistance @) 
aed equation (3) and (4) in equation (1), we get the characteristic equation of a at cell, which relates 
solar cell parameters to the output current and voltage : 


weer 
334 Parameters of Solar Cell : 


1. The open circuit voltage Voc ¢ 
is the output voltage from the solar cell when the load impedance 
is very high (ie. Ry > =). 


eK) | 


we (5) 


2) 


~*~) 
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The short circuit current Is¢ : I 
* — Itis the current output when the load impedance is very small Tart (Mac + loo) 
fie. Ry + 0). —— SS a cal 
wee The fill factor (F.F.) : 
pete Product of open circuit Voge and short circuit current Isc gives 


the ideal power output from the cell. 


Prscat = Isc * Voc 
But the actual maximum’ 
the product of maximu: 
Voltage V,.. 


Power output is less than Pigcas and given ce) Voo 
m power current I,, and maximum power FIG. 3.9.3 


Vv 


The fill factor of the solar cell is defined as the ratio of the 


maximum useful power to ideal power. 


The efficiency of solar cell is given by 


. 


* _ Usually the Voltage developed by every cell is of the order of 0.6 V and the efficiency of conversion of about 
i=44 15 — 21% for silicon cells. 6 


337 Advantages of Photo Voltaic Technology : 
\ a CCinOlogy = 


= = Its simple and solid state electronics device which converts directly solar energy into electricity. 
as They do not have any movable mechanical components. 
— The device can be Operational without any maintenance for long time. 
SE 


They can be made into modules and arrays suitable to load requirements of any system, 
- No special expertise and skills are required to Operate the photo voltaic device. 


Their reliability of working is quite high. 
__ 2 They are the power gencrators without any pollution of any kind. Hence they give green power. 


8. cir applications are very wide ranging from small calculators and mobile devices to Space, 
eee and railways etc. 


\e A 


industries, 
3.8.8 Disadvantages of Photo Voltaic Technology : 


© Solar cells can generate electricity onl: 


2._ Electrical energy storage devices like batteries are Fequired when the sun MAYS are not available during 
nae time or cloudy weather, 


__ 3“ Eiciency of solar cell varies from 6% to 20% only. 


-—~ The modules and solar Panels require large area to install them to any 
3.8.9 Applications of Solar Photo Voltaic (SPV) Technology ; 
————— i (SPV) Technology 3 


ly during day times. They do not Bive energy during night times 


System, 


(May-2019, 4-Marks| 


GTL 


Questions 


Give details of applications of solar cell (at least 4), 
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———= 
application 1 


nvenient forms of technology to harness for any small 
nd space technology. 
2. Where electrical power grid is not available in remote area, solar photo voltaic panels can supply electrical 
energy for domestic lighting, water pumps, TV, and mobile towers for communications purposes. 

3. Solar Power is frequently used in consumer product applications like 
small amounts of energy. 
Solar cells are used recreation Vehicles (RVS). 
5. Solar cells are also used boating and in battery recharging stations. 
— Large-scale desalination plants can also be PV powered. Larger off-grid systems using an arrity of 
_-— PV modules and having more battery storage capacity. 

7. Like conventional power plants, central power plants using only solar energy have been 

the countries like Spain, Italy and U.S., Japan etc. 
8,—Central power plants using concentrating collectors and heliostats. 


_3—The unused areas required for installations of SPV modules are rooftops, sunshades, walls balcony 
and doors and panes used to fix solar panels in office, commercial and domestic buildings. 


¢ solar energy is most cor 
very large system like electrical power plants a1 


calculators and mobiles, which require 


pstalled in 


Syllabus Topic : Optical loss in Photovoltaic Cell 


3.9 OPTICAL LOSSES : 


1. What is the cause and remedy for optical loss in photovoltaic cell ? {May-2019, 3-Marks] 


5 working efficiency of solar cell is decreased because of following reasons : 
1. Mismatch the bandgap of the material with the solar spectrum. 
2. Reflection loss of light. 
_4— Total spectrum of solar energy is not absorbed. 
+ _ Less intensity of light. 
* There are a number of ways to reduce the optical losses : 
a. Top contact coverage of the cell surface can be minimised. 
Anti-reflection coatings can be used on the top surface of the cell. 
The solar cell can be made thicker to increase absorption, 
eee Eel cele in the solar cell may be increased by a combination of surface texturing 


Syllabus Topic : Exciton 


GTU Questions 


1, Write a note on exciton, 
2 Write a short note on exciton. 


[May-2019, 3-Murks} 
[January-2020, 3-Marks} 


An exciton ji 8 Which are 
ean uc : bound state of an clectron and hole which are attracted to cach other by the electrostatic 


Prove (Groupe) / 2021 7 11 
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* — The concept of excitons was first Proposed by Yakov Frenkel in 1931, where he described the XCitation 
Of atom in a lattice insulators. 

* There are two types of exciton. 


Frenkel exciton 
2. Mott-Wannier exciton 


1, Frenkel exciton : 
* “When there is a strong electron-hole attraction, like in ionic 
crystals, the electrons and holes are tightly bound to each other, 
this type of exciton is called ‘Frenkel exciton’. 


Yakov Frenkel 
Yakov Frenkel (1894 — 1952) 


He was a Soviet physicist and known for 
his works in the field of condensed matter 


Physics. He contributed to semiconductor 
and insulator physics by proposing a 
theory, which is now commonly known as 
the Frenkel effect. in 1930 to 1931, 
Frenkel showed that Neutral excitation of 
@ crystal by light is possible, with an 
electron remaining bound to a hole created 


ata lattice site identified as a quasiparticio, 
the exciton, 


see we 
COCO ose 


ee ee we 


cece es 
ee ee 
ee ee 


ee 
FIG. 3.10(a) : FRENKEL EXCITON 


EE Wannicr Mott exciton 
Re. go, 


“When the electron-hole separation is much larger to the lattice 
—~ consinat, then the exciton is called Wanniet-Mott exciton." 
_— In thls, the electron-hole pair is weakly bound, . 

As energy related with the energy gap E, decides the nergy 
Tequired to create a free electron in conduction band and free 
hole in valence band then en 


nergy gap is slightly greater than 
the energy of such an exciton. (as shown in Fig. 3.10(c)) 


. 
h 
Conduction Band Sue 0. OO IDES Ae nes 
FIG. 3.10(b) ; WANNIER MOTT 
E, 


EXCITON 


Valence Band 
FIG, 3.1Xc) : ENERGY LEVEL DIAGRAM Fol 


RA TYPICAL 


SEMICONDUCTOR ALONG WITH 'THE EXCITATION ENERGY LEVEL, 
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ifference between Frenkel Exciton and Mott-Wannier Exciton : 


Frenkel exciton 

1. It is also known as tight bound exciton, 

2. It mainly found in insulator and molecular crystals. 
3. Electron-hole pair is tightly bound. 
4. 
5. 


Mott-Wannier exciton 


It is also known as free exciton. 


It is mainly exist in semiconductors 


epee 


Electron-hole pair is weakly bound. 


|. The binding energy is ~0.1 to | eV. The binding energy is ~0.01 eV. 


. It stable at room temperature. 


be a 


It stable at cryogenic temperature. 


Syllabus Topic : Drude Modet 


3. DRUDE MODEL : 


1. Explain Drude model. [January-2019, 4-Marks] | 


x Drude model of electrical conduction was proposed in 1900 by Paul Drude to explain the transport 
properties of electrons in materials (especially metals). * 
* _ The electron theory aims to explain the structure and properties of solids through their electronic structure. 


_= F, 
* _Dhese valence electrons form an electron gxs surround the ion cores and are free to move anywhere within 
the metals. a Sa 


3.11.1 Basic Assumptions of Drude Model : 


1_ In an atom, electrons revalue around the nucleus 
and a metal is composed of such atoms. 


ea valence electrons of atoms are free to move 
about the whole volume of the metals like the 
molecules of a perfect gas in a container, The 
collection of valence electrons from all the atoms 
in a given piece of metal forms electrons gas, It 
is free to move throughout the volume of the metal. 
Paul Drude 


3.__These free electrons move in random directions and 
sa Paul Karl Ludwig Drude ( 1863 — 1906) 


collide with cither positive ions fixed to the lattice 
or other free electrons. All the collisions are elastic 
i.e., there is no loss of energy. 


w 
Qa 
=] 
< 
a 
2 
5 
=< 
a 


= The movements of free electrons obey the laws of 
the classical kinetic theory of gases. 


= The clectron velocities in a metal obey the classical 


Maxwell — Boltzmann distribution of velocities. 
lransport properties of electrons in materials 
3 electrons move in a completely uniform (especially motais) 


Potential ficld due to ions fixed in the lattice. 


7. __When an electric field is applied to the metal, the free electrons are accelerated in the direction opposite 


{o the direction of applied electric field. 


a4 Physies (Group-11) 
=— 


3.11.2 Applications of Drude Model : 
ee omens 


1. __DC electrical conductivity of metal : 
—_——_Sectrical_conductivity of metal : 
a V=IR;E=ps 


Number of electrons with velocity y crossing area A in time df is ny A df; each h 


was charge — e; current 
density is then 


I) 


Electrons are moving randomly; so need to take average velocity for v. In equilibrium average velocity 


vanishes; no net electrical current. 


Apply electric field ~ an electron will have a velocity v = vq ~ SEO 


(¢ is time since last coll 

Vo is the velocity it came out with after er_last collision and hence en 

Soe Wen areEO) 
m 


Now, substitue the value of (v) from equation (2) in equation (1), we gel 


This is the de conductivity in Drude model. 
Sr 
2__Hall Effect and Magnetoresistance : 


Neto resistance is the tendency of a material to change the value of its electrical resistance in an 
external applied field, SS 
eS 
* Hall effect is the generation of Potential difference across an electrical conductor, when a magnetic ficld 
is applied in a direction Perpendicular to the flow of cure, §. 
eee OF CU 


Let current density J,, magnetic field B., be applied; the Lorentz force i is (CV) x (B). This force is same 
on +Ve and —Ve charges, so they ae ‘on the same side, a 
Hall voltage has different sign for the two types of carriers. 

seats ————— eS 


(2) maj i : By 
ee: ignetoresistance : p(H) = i 


SPY Halll coefficient Ry = 7B, 


3. Calculate Hall Coefficient and Ma icto-resistance ; 
_—_ In the presence of electric field and magnetic field, we have 


2, PO. efe+ 22 
dt t 
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* In steady state current is time-independent and hence : 
BO. ~(e+ 22") 
t m 


” Bi See ee. 
: : 
i Pepe 
= ms m 
E + oti, : 


B= Osh 
2 1 o,t 
"a -o@r 1 
For Hall samples; j, = 0; 


So, Ry = Bee 
. dx 


ol eel 


In reality, the carrier densities are not always given correctly by the Drude formula; + Ve sign was also 
not understood till Quantum mechanical theories came in. 


*  Magnetoresistance is zero according to Drude since j,(H) = O)E, = j,(H); not correct in real systems. 
4. _AC Electrical Conductivity of Metal : 
* Time dependent electrical field Ej) = Ege~"; equation of motion is 

2. Oe 

dt t 


= Solution - p(t) = poe; 


+ ~ iwpo= -—eE 


y= -22 
ms 
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Define following terms with fespect to Light-semiconductor devices. 
(1) Absorption of radiation. (Refer Section-3.1) 

(2) Spontaneous emission. (Refer Section-3.2) 

G3) Stimulated Emission. (Refer Section-3,3) 

(4) Meta Stable State. (Refer Section-3.4) 


Write short notes on Density of state for Photons. (Refer Section-3.6) 
Explain Fermi Golden rule for transition Probability. (Refer Section-3,7) 
Explain photovoltaic effect in detail. (Refer Section-3.8) 

Explain the working solar cell with Neat dia; 


averyrn 


gram. (Refer Section-3.8.1, 3.8.2 & 3.8.3) 


Discuss the advantages and disadvantages of Photovoltaic technology and its application, 
(Refer Section-3.8.4, 3.8.5 & 3.8.6) 


~ 


Explain optical losses in photovoltaic cell, (Refer Section-3.9) 
Define and explain exciton. (Refer Section-3.10) 


Write short notes on Drude model. (Refer Section-3.11) 


. Explain Drude model and discuss how it is used for D.C. and AC. conductivity measurement. 
(Refer Section-3.11.2(1) & (4) 


+ Explain Drude model and discuss 
(Refer Section-3.11.2(2) & G) 


GTU QUESTIO! AND ANSWERS 


how it is used for Hall measurement and magnetoresistance. 


January-2019 


1. What is Photovoltaic effect, Explain construction and working of solar cell. 


Ans. : Refer Section-3.8 
2. Derive an expression for 


Ans, = Refer Section-3.6 
3. 


Joint density of States, 


Discuss fermi golden rule, 

Ans, : Refer Section-3,7 

4. Explain emission and absorption. 
Ans. : Refer Section-3.1 & 3,2 

5. Explain Drude model, 

Ans, : Refer Section-3.11 


> 


87 
Light-Semiconductor Interaction 


6. What is photo conductivity, photoluminescence, phototransistor % 

7, Write a note on exciton, 

Ans. : Refer Section-3.10 

8. Give details of applications of solar cell (at least 4). 

Ans. : Refer Section-3.8.9 

9. What is radiative and non-radiative transition. Explain in brief the optical joint density of states. 
Ans. : Refer Section-3.6 

10. What is the cause and remedy for optical loss in photovoltaic cell ? 

Ans. : Refer Section-3.9 

11, What is photovoltaic effect ? Explain construction and working of a solar cell with suitable diagram. 


+ Refer Section-3.8 


12, Explain Drude model. 

Ans. : Refer Section-3.11 

13. Explain photovoltaic effect. With required diagrams discuss construction and working of solar cell. 
Ans. : Refer Section-3.8 
14. Write a short note on exciton. 
Ans. : Refer Section-3.10 
15. Consider two-dimensional square lattice of side 3.0 A. At what electron momentum values do the sides 


of first Brillouin done appear ? What is the energy of free electron with this momentum ? 
Ans. : We known P= tk 


For 1* B.zone, kat 


6.6 x 10 
2x3x 10719 


1.1 x 104 kem/sec 
2 


and Rie 
2m 
(x 10-4)? 
2x9.1x 107! 
= 66 x 10-19 J 
p= 5.6107? i 
1.6 x 10-9 


16, 
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Denve an equation of Joint density of states, 
Ans. : Refer Section-3.6 


17. Discuss Fermi golden rule. 
Ans. : Refer Scction-3.7 


18, The transmitted intensity is 0.4 times intensity of incident light. If this light is incident on 4 
semiconductor having a thickness of 0.5 em then find absorption ci 


oefficient. 
Ans, : 


a = 2.303 A 


A= 


oes 
Lh 


—log (0.4) 


19. Explain absorption, spontaneous emission 


and stimulated emission in semiconductors with Proper diagrams. 
Ass. : Refer Section-3.1, 3.2 & 3.3 
20. Give the names of semiconductor optoelectronic devices, 
Ans. : Refer Section-3.8 
21. Explain Photovoltaic Effect and derive an expression for Photo voltage. 
Ans. : Refer Section-3.8.5 


their characteristics and applications. - 


22. Explain (i) Non-radiative Wansitions and (ii) Excito. 
Ans. : Refer Section-3.10 

Explain construction and working of a solar cell by proper diagrams and I-V characteristics, 
Ans. : Refer Section-3,8 


Iw 
SSS 


Note : Also Refer GTU Paper Solutions at the 


End of the Book \W 
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January-2019 
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.. January-2019, May-2019 


. Jan, 2019, May-2019, Jan. 2020, March-2021 


| 4.1 INTRODUCTION : 
* We know the ohm's law. 


__Dim's Law 


* Al constant temperature, the potcntial difference across Wo end of a conductor is ditetly proportional 


| % current flowing through 4 conductor. 
J Vel 


_ 2M comiant of proportionality R, is called resistance of the conductor 


PAN nvm ths 1 411 7 1p 
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Resistivity : 
*_- At constant temperature, the resistance R, of a conductor is 
— a directly proportional to its length (1) and 
ss) inversely proportional to its cross section area (A). 


l 
os CA 


_— The constant of proportionality, p, is called resi 


Unit of resistivity is ohm-meter (Q-m) 


TWO PROBE METHOD ; | GTU, January-2019] 


+—TThe two probe method is used to measure the resistivity of the specimen, 


+— As shown in Fig. 4.1(a) XY is the specimen whose resistivity is to be measured. 
The battery E supplies current (in through probe E 

1 and out through probe 2). Let the current in 

the specimen is I (ampere). It is measured by 

the ammeter A. 

‘The potential difference between the two contact 

(probe 1 and probe 2) at the ends of the 


specimen is V (volt). It is measured by’ the 
voltmeter V_ 


ity of material of the conductor. 


Current measured 
by ammeter 


Potential difference 
Let 1 is length of the specimen between the two Prope ncssared by, olinioter 


Probes and A its area of cross-section, then, the eC 


Tesistivity of the specimen is x, Y 
] t 


Specimen whose Tesistivity 
is to be measured 
FIG. 4.1(@@) : TWo PROBE METHOD 


Why two probe method for Fesistivity measurement failed 2 
1, The major Problem in such 


‘he four-point probe method 4.1(b) is used to measure the vity Of semiconducting materials. 
In this method four probes is used, 


1 


Measurements 


iz distance between each probes is equal to S. 
_* voltmeter is connected between inner two probes. 
. Direct Current source is connected between the outer two probes. 
om measure the resistivity of a sample, a constant current I goes through the outer two probes and the 
voltage drop between the inner two probes V is measured. 


+ The differential resistance can be written as : 


“a 
rate 
aR = p |S ) 


where, dR is the resistance between two points with the distance of dx, A is the area that the current 
_— goes through and p is the resistivity of the sample material. 
+ Taking integration on both sides of equation (1), we get 


1G) : 


=ds 
=, iP [-4 i FIG. 4.1(b) : FOUR-POINT PROBE SYSTEM 
x 


where, s equal to the spacing between cach probe. 
ee to the superposition of current at the outer (wo Probes, the measured resistance can be calculated by: 


Vv 
Re 
21 ~~ @ 


aA Compair equation (2) and (3), we get. 
* — Therefore, the resistivity of a bulk sample is. 


(A) 
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SY V = Potential difference between inner probes. 

1 = Current through the outer pair of probes. 

5 = Spacing between point probes. 

p = Resistivity 
*_ For a very thin sample where ¢ << 5, we get a current ring instead of a current sphere. 


* Therefore, the area is the circumference of the Circle times the thickness of the sample which gives : 


veg A =2nxt 


> (5) 


fn 
P 
|S 


w 
bp 
Zz 
“s 
— 


i 


Flin 2s) - incsyy 
op! [* ea 


an r 
5 Binz © 


* Now compair equation (3) with equation (6), we get. 
. em with the superposition of the current, the resistivity of the thin sample is : 


Vig 02 
21 2ne Loe 


7) 
The sheet resistance of the sample can be expressed as : 


«. (8) 
where, 


Ld 
no = 453 ee) 


Advantages : 


To measure very low resistance value, this method is used, 


In this method, very'litle contact resistance is associated with the volt ae 
= of the resistivity should be calculated, Vollage probes so accurate value 


~— 3. This method eliminates measurement errors due to the Probe resistance. 
Applications : 


et Remote sensing arcas. 


_--2:~ Induction hardening process. 


eu, goemetry factor estimation, 


Measurements 


4 PAUW : 


Discuss Van Der Pauw method, 


1 _The Van Der Pauw Method is a technique commonly 
used to measure the resistivity and the Hall coefficient 


of a! sample: 
+ From the above method, the following properties of the 
_-— material can be calculated : 
istivity of the material 
2,The doping type (i.e. whether it is a P-type or 
N-type material)” 
mobility of the majority carrier 


Leo. J. Van Der Pauw 


Leo J. Van Der Pauw was bom in Rotterdam. 
The Netherlands, in December 1927. He 
received the Ir. degree in physical engineering 
and the Ph. D. degree in technical sciences 
from Delft Technical University, Delft, The 
Netherlands, in 1951 and 1968, respectively. 


* The method was first propounded by Leo 
_-— Pauw in 1958. Seen | mee 
* The following equipments are required : 

An electromagnet (500 to 5000 Gauss). 
2, Constant current source ranging from 10 HA to 


Van Der 


LEO. J. VAN DER PAUW 


Since 1953 he has been with Philips Research 


—~ 10 mA. Laboratories, Eindhoven, The Netherlands, 

Rr aik aren jaectance voltiocs ¥ y where ho has been working in the fields of 

wea een er ranging from I 1 solid-state physics, computer scionce, and 
applied mathematics. 


4. Sample temperature measuring probe. _) 


4.4.1 Definitions of Resistivity Mcasurements : 


2 Four leads are connected to the four ohmic contacts on the sample. 
> They are named as 1, 2, 3 and 4 counter 


—“‘clockwise as shown in Fig. 4.2(a). 

tom is important to use the same batch of wire 
for all four Icads in order to minimize the 
thermoelectric effect. ase? 

2 ania, all four ohmic contacts should consist 
of the same material. 

* . We define the following parameters (see Fig. 4.2). 


a 


ly p = sample resistivity (in Q-cm) 
2, d= conducting layer thickness (in cm) 
3. Ij, = positive de current I injected into 
— contact 1 and taken out of contact 2. 
Similarly, fot Ly. Iy4 Farr Fare Hae Ease 52 
(in amperes, A) 

ey V2 = de voltage measured between 
contacts 1| and 2 (V ~ V2) without applied G. 42 : SCHEMATIC OF A VAN DER PAUW 


magnetic field (B = 0). Likewise for Vox CONFIGURATION © “MINATION 
Vaqs Vat Van Vias Vege Vaz (in volts, V)- ‘OF TWO CHARACTERISTICS Ry AND Ry 


Ip 


(Group-11 ) 
Syllabus Topic : R : 


— Apply the current I, and measure volt: 


age V34. 
—2—~ Reverse the polarity of the current (jp) and measure V,5, 


__-3—Repeat for the remaining six values Mare Vigs Viae Vays Vag. V3). 


* _ Eight measurements of voltage yield the following eight values of resistance, all of which must be positive, 


Vas vi 
ag = t R. = 2 
Rows if Sal pe 
V2 
R243 = Ry a1 = ih 
Tha 
V; 
Ryo 41 = Te Rig 23 = Te 
y, 
Ros ig = Ts Ry a2 = 


Ty 
* Note that with thin switching arrangement the voltmeter is reading only positive Voltages, so the meter 
Ee eeiiccas be carefully, zeroed, ; 


. luse the second half of this Sequence of measurements is redundant, it permits important consistency 
checks on measurement repeatability, ohmic contact quality and sample uniformity. 
*__ Measurement consistency following current reversal requires that: : 

— Roy, aq = Ryo, 8 | Roo, at = Ras. ig 
Ras 12 = Rag, 2) Ris 23 = Ra, 32 
wees feciprocity theorem requires that : 


Roias + Ryo 43 A Roo, a1 + Ros, ag 


Ras, 2 + Ryy 2 ~~ 
at. any of the above fail to be true within 5 


investigate the Source of error. 
—_ $e O otror. 
45.1 Resistivity Calculations 
—iulations 


Ses Sheet resistance R, can be determined from the two characteristic resistance 
Bie Rai.34 + Ria. a3 : Raa + Ra4,21) 


Ry = R241 + Res, 14 + Ris. 23 + Rat. 39) 


4 
I Ra R= 


* — Resistivity, P=R od 


Rig, 23 + Rg, 32 


and 


where, R, = Sheet Resistance 
d = Thickness of conducting layer. 


9s 


Measurements 


4.5.2 Hall Effect : 


1, Define Hall effect and Hall coefficient, Derive equation to find Hall voltage. What docs it signify ? 
[May-2019, 7-Marks} 
{January-2020, 3-Marks| 


2. Define Hall effect. Give its physical significance. 
+ Ata strip of conducting material carries current in the presence of a transverse magnetic ficld, An emf 
is produced between the two edges of conductor. This phenomenon is called Hall Effect 


2 The magnitude of the voltage depends upon the current, flux density and the property of conductor 


Diagram of Hall Effect Transducer : 


magnetic ficld 
FIG. 4.(A) : HALL EFFECT TRANSDUCER 


_t--Fiig. 4.3(a) shows a Hall Effect elemenv/transducer. 

_2-—Current is passed through leads 1 and 2 of the strip. 

Se. The output leads connected to edges 3 and 4 are at the same 
field passing through the strip. 

Bae @ transverse magnetic field passes through the strip, 
leads, given by, 


where, Ky, = Hall Effect coefficient 
I = current 
B = flux density 
t = thickness of strip 


a Magnetic to Electric transducer 
—2. Measurement of displacement 
— 3. Measurement of current 

45 Measurement of power 


Potential when there is no transverse magnetic 


and output voltage appears across the output 


aw 
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45.3 Definitions for Hall Measurements : 
urements 5 


> The Hall measurement, carried out in the 
n, and the bulk carrier densit 
of the sample is known. 


Presence of a magnetic field, yields the sheet carrier density 
ly nor p (for n-type and p-type sample) if the conducting layer thickness 


. Coordinate system 
* The Hall voltage for thick and heavily doped samples can z 
\—— be quite small (of the order of microvolts). * 


The difficulty in obtaining accurate Tesults is not merely yY 
the small magnitude of the Hall voltage since good quality 
digital voltmeters on the market today are quite adequate, 


The more severe problem comes from the large offset 


Voltage caused by non symmetric contact placement, 


sample shape, and sometimes non uniform temperature, 


most common way to control this Problem is to 
acquire two sets of Hall measurements, 
Sa etl meas 


and one for negative Magnetic field directi 
definitions are as follows (Fig. 4.3(b)), 


T\3 = de current injected into lead 1 and taken 
es Out of lead 3. Similarly, 


ae 


one for positive 
ion. The relevant 


FOF T3y, Typ. Lay. 


; VunV; 
B = Constant and uniform magnetic field 4 ao 
applied parallel to z-axis (true for positive FIG. 4.3(b) : SCHEMATIC OF A VAN DER 
Zaxis ~ Ve for — Ve Z-axis), PAUW CONFIGURATION USED IN THE 
Vii = Vagp = Hall voltage measured between leads 2 and DETERMINATION OF THE HALL 
— SSS ORHTUERT: 


: VOLTAGE Vii 
4 will_magnetic field positive for Fey 
similatly for Voy, Vi3, and Vea 


Similar, definitions for Vou Vaan V 


13N 29d -V31y apply when the magnetic field B is reversed. 
Syllabus Topic : Hall Mobility 3 


46 HALL MEASUREMENTS : 
ER EMENTSS : 


ee Procedure for the Hall Measurement is ; 
—* Apply a Positive magnetic field B. 


oe * current 115 to leads 1 and 3 and measure Va4p. 


Apply a Current I55 (0 leads a2p- 
Similarly, measure Visp and Vaip wi 


V 


: 42n> Vigy and Vain with ly 
P above cight Measurements of Hall Voltages y. 
determine the sample 


ier 


Tesistunce R, obtaine, 
ee Sequence of measurements 


8 redundant in that 
cach of the two diagonal sets of contacts: should 


ly, 


Vigy and V4). 
determined from 


+ the average IL 


all Voltage from 
be the same, 


Measurements ts 


4.6.1 Hall Calculations : 

+ Steps for the calculations of carrier density and Hall mobility are : 

= Calculate the following (be careful to maintain the signs of measured voltages to correct for the offset 
voltage). 


Me = Vu -— Van 
an = Veop — Vaan 
We = Vise ~ Visy 

Me = Var ~ V3in 


+ The polarity of this Hall voltae indicates the type of material the sample is made of. If it is positive, 
— the mateiral is P-type, and if it is negaitve, the material is N-type. 


of em? v's) 


LL Only four contacts required. 

_2—No need to measure sample widths or distances between contacts, 

3—Simple geometries can be used. 
adrontnges : 

+ Measurements take about twice as long, 

2 Errors due to contact size 2 and Placement can be significant when using simple geometries. 
Example-4.1 : 


2.0 cm wide and 1.0 mm thick copper strip is placed in a magnetic field 1.5 Wb/m? perpendicular 
to the strip. Suppose a current of 200 A is set up in the strip what will be the Hall potential appeared 
across the strip ? (n = 8.4 x 102 electrons/m*). 


Solution : 


Ra = “ut 
IB 


we 
ne 
1B 
v= — 
net 


200 x 1.5 
84x10 x 16x10 x10? 


Vy = 22 « 108 V 
Fayses (Grwupett) 12008 113 
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What are hot probe method. 


[January-2019, 3-Murks} | 
*  Hot-point probe method is used for determining whether a semiconductor Hot 
is p-type or n-type. 


The hot point probe Method (HPP) is used two probes, C and H, connected 
by a microammeter. 


* The cold probe C is at room temperature, and H, the hot probe, is heated 


to a higher temperature electrically, Cc 4 
* When the probes are in contact with the sample, charge carriers tend to SS 


diffuse through the sample from H towards C, and finally a current to flow. (a) 


The net current will depend on the majority carriers, electrons for n-type and holes for p-type samples. 


If the carriers are positive, the current flow will be in the same direction and if the 
negative, the current flow will be in Opposire directton. 


If H is positive wart. C, the sample is n-type (as show in Fig. 4.4(c)), otherwise it is Pp-lype (as show 
in Fig. 4.4(b)), 


Hot S Hot ES 
©) (omaha G) 
ED —» 


Energetic electrons 
diffuse away ®) diffuse away © 
FIG, 4.4 : HOT-POINT PROBE MEASUREMENT 


Thus, the type of the sample can be determined by the direction of deflection 
48 CAPACITANCE VOLTAGE MEASUREMENT : 
AGE MEASUREMENT : 


Cols 
Probe 
«© 


© charge carriers are 


Of a zero-center current meter, 


3-Marks] 


What are capacitance voltage measurements 


* Capacitance voltage measurement 
for measurement of 


(C-V method) is a method 
the barrier capacitance of semiconductor 


areas of somiconductor 
|. Transition Capacitance (Cy) 


dovices, technical physics and technology, 
| 2. Diffusion Capacitance (Cp) 


He was awardod tha Royal Society's -m 
1936 for his discovory of the Schrot ottect. 


for m ; = Walter Hans Schottky 
Junctions, like p-n junctions, metal-semiconductor junctions & (1886 -1976) 
and even metal-oxide-se: iconductor (MOS) structures. EGR Walter Schottky, a 
{n 1942, W. Schottky discovered that impurity distributi ont famous name inthe folds 
be determined from the cw Reatrcney! meen s Fell kt Sere neconicen snd 
. Z ysics .He was a 
This method, is called the C-V technique is widely used to [pee a. German physicist who 
determine impurity distribution of doping profiles of Fay ‘wen Hane P2Yed a major role in 
semiconductors devices, < ratthann® dOvelopIng the theory of 
iain A B=§ = Schottkyw electron and ion emission 
In a p-n junction diode, two types of capacitance take place, fag Phenomena. He made many signilicant 
They are, fag contributions in the 
=z 
= 


Measurements 


” 


4.8.1 Transition Capacitance (Cy) + 


We know that capacitors store electric charge 
in the form of electric field. 

This charge storage is done by using two 
electrically conducting plates (placed close to 
cach other) separated by an insulating 
material called dielectric. 


When voltage is applicd to the capacitor, 
charge carriers starts flowing through the 
conducting wire, 

When these charge carriers reach the 
electrodes of the capacitor, they experience 
a strong opposition from the dielectric or 
insulating material, 


Electric field 


Positively’ 
charged 


Charged conductive 


Dicleetric 


Connecting wites 


Negatively 
charyed 


O Free electrons 
O Holes 
plates 

FIG. 4.5(a) : CAPACITOR 


As a result, a large number of charge carriers are trapped at the electrodes of the capacitor. 


‘The charge carriers which are trapped near the dielectric materials will stores electric charge. The ability 
of the material to store electric charge is called capacitance. 


Just like the capacitors, a reverse biased 
P-n junction diode also stores electric charge 
at the depletion region. 

In a reverse biased p-n junction diode, the 
p-type and n-type regions have low resistance. 
Hence, p-type and n-type regions act like the 
electrodes or conducting plates of the 
capacitor. The depletion region of the p-n 
junction diode has high resistance, 

Hence, the depletion region acts like the 
dielectric or insulating materials. Thus, p-n 
junction diode can be considered as a parallel 
plate capacitor. 

When reverse bias voltage applied to the 
p-n junction diode is increased, a large 
number of holes (majority carriers) from 
p-side and electrons (majority carriers) from 
n-side are moved away from the p-n junction. 


Holes —— 0 


Wide depletion region 


O — Free electrons 
P-type <> _ Natype 

jece|eoo; 
joee/oee: 


+ 
Battery 
FIG, 4.5(b) : REVERSE BLAS 


As a result, the width of depletion region increases whereas the size of p-type and n-type Fregions (plates) 


decreases. 


We know that capacitance means the ability to store electric charge. 


The p-n junction diode with narrow depletion width and large p-type and n-type 6 


WONs Will store Lange 


amount of electric charge whereas the p-n junction diode with wide depletion width and small p-type and 
n-type regions will store only a small amount of electric charge 


‘Therefore, the capacitance of the reverse bias pen junction diode decreases when vollage increases. 


‘The amount of capacitance changed with increase in voltage iy called transition capreitance 
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‘The transition capacitance is also Known as depletion region capacitance, 
capacitance. 


nction capacitance or barrier 


Transition capacitance is denoted as Cy. 


‘The change of capacitance at the de 


pletion region can be defined as the change in electric charge per 
change in voltage, 


where, Cy = Transition capacitance 
dQ = Change in electric charge 
dV = Change in voltage 
The transition capacitance can be mathematically written as, 


= +» (2) 
where, € = Permittivity of the material 

A = Area of plates or P-type and n-type regions 

W = Width of depletion region 
Width of depletion layer at equilibrium 


2e(i 1 
We jJ—|—-+—ly, « (3) 
ae wz} 


where, Vg = Built-in potential 

€ = Permittivity of material 

€, for Si = 11.7 

€, for Gi = 16 

& = 8.85 x 10-12 C2N-m? 
Substituting equation (3) in equation (1), we get 


eA 
StS), 
@\Na Ny) ° 
e EA 
; ama a(n aEN ¥ 
Q\Na'Ny }° 
2e(N,-Ny )1 
“ Sreit @\N,*Nu )Vo 
A N,N, ) 1 
“ == ee 
Cr = 7 fae Nu + Ny | Vo 


Measurements 101 
A eek. leo Ng: Ny )_t 1K) 
ie. c;=kK Vo (Assuming > me Re zs le to be a constant 


+ Capacitance decreases with the increase voltage. 


4.8.2 Diffusion Capacitance (Cp) + 
* Diffusion capacitance occurs 


‘a forward biased p-n junction diode. 

* Diffusion capacitance is also sometimes Nemmow depletion resin 
referred as storage capacitance. 

It is denoted as Cp. 

When forward bias voltage is applied to the 
p-n junction diode, electrons (majority carriers) 
in the n-region will move into the p-region 
and recombines with the holes. 

In the similar way, holes in the p-region will 
move into the n-region and recombines with 
electrons. As a result, the width of depletion 
region decreases. 

When the width of depletion region decrease, 
the diffusion capacitance increases. The 
diffusion capacitance value will be in the 
range of nano farads (nF) to micro farads 
(uF). 


The formula for diffusion capacitance is 


Holes O —— — 0 Free electrons 


Ptype Netype 


FIG. 4,5(c) : FORWARD BAIS 


where, Cp = Diffusion capacitance 
dQ = Change in number of minority carriers stored outside the depletion region 
dV = Change in voltage applied across diode 

Advantages of C-V Technique : 


1. It is a simple technique where not many equipment are required for extracting the capacitance and 
voltage. 


2. Measurements can be taken directly from the device in which doping profile needs to be evaluated. 
3. Doping profile can be extracted with little data processing. 
4, It is a non-destruction method as the device is not damaged after measurement. 

Disadvantages of C-V Technique : 
1. It can only extract doping profile of junction in reverse bias, where conductance is small/ncgligible. 
2. It is an approximation and ‘only works for abrupt junctions. 


3. The doping profile near the junction cannot be extracted due to the zero bias space-charge region 
width, 
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4. The extracted profile is limited in depth by the voltage breakdown of the device. This is scrious 
in heavily doped regions. 

5. It can only extract doping profile of the less highly doped side. 

6. Area of device cannot always be accurately determined which affects the doping profile extracted 


49 PARAMETER EXTRACTION FROM DIODE I-V CHARACTERISTICS 

* The p-n junction current voltage (I-V) characteristics have been studied for the last twenty years. 
* The (1-V) characteristics can be described by the equation : 
oY B0/48 1) 4 VR . 210) 


where, B = kT/q is the thermal voltage, Ip is the saturation current, A is the junction ideality factor, R, 
and Ry, are respectively the series and shunt resistance. 


Equation (1) introduces four parameters Ig, A. R,, Ry, related to internal properties of the electronic device. 


For these junctions, the shunt resistance Ry, is very high and the expression WEED is small by 
comparison with the other terms in equation (1), i 

Moreover, the calculations are performed here for voltage values greater than 0.4 V and the term 1 is 
completely negligible with Tespect to the exponential term. 

Taking into account these remarks, equation (1) is reduced to : 


For this method, a similar equation is considered for another characteristic : 
r= T 
V=Ril+ AB int (3) 


where the values of the parameters Rj. A’ and Ig are arbitrary. Combinin equation (2) and 
difference AV = V’ — V may be written in the form « mane ae asta aap 


»—A’- In) wa (4) 
where, A = A’, the curve : AV = f(D) becomes a Straight line : 
. I 
AV = (Rj - . 
R,-R,)1+B ne 6) 


From ul ical process may be claborated to extract the parameters R,, A and Ig of a 


vs» (6) 
ee Cindy 
* — This procedure leads to obtain, with equation (2) a fairly exact fit to the experimental (1, V) characteristics, 
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* Fig, 46 illustrates this result. and shows junction (I, V) characteristics (dotted line) 
Fig. 4.6 i 


FIG. 4.6 : DESCRIPTION OF THE EXPERIMENTAL (I, Y) CHARACTERISTIC 
(DOTTED LINE) WITH THE ONE EXPONENTIAL MODEL 


.10 DEEP LEVEL TRANSIENT SPECTROSCOPY (DLTS) : yGTU, Jan, 2019, May-2019 | 


GTU Questions 
1. Explain experimental procedure for DLTS. - (January-2019, 7-Marks] 


2 What is deep level transient spectroscopy (DLTS) ? Give its experimental procedure. 
[May-2019, 4-Marks] 


+ The Deep Level Transient Spectroscopy (DLTS) is a powerful technology for the detection and identification 
of electrically active defects (known as traps) in semiconductors. 


+ The DLTS measurement can be applied to simple device structures like the PN junction device, the Schottky 
deivce and the MOS device as shown in the Fig. 4.7(a). 
Diode Pulse time 
Pulse voltage 


Voltage 


Vr. Reverse voltage 


Electron capture 


NN 


Electron emission 


= 0 sce al the start time 
of clectron emission 


Depletion region 


fie 


FIG. 4.7(a) + DLTS MEASUREMENT APPLIED ‘TO SIMPLE DEVICE STRUCTURE 


puss (Group), 
The Schottky structure is suitable to the investigation of the traps ion the bulk semiconductor With ay 
uniform doping. 


* The DLTS signal can be obtained by the following procedure, : 
1. A reverse Voltage is applied to a device creating a depletion region, As a result nearly all {TAPS hay 
emitted an electron, 


2. OV is then Applied to this device for a certain time such that nearly all traps have cay 
= This time is called “pulses time”, 


ptured an Clectron, 
3. Finally the device is biased 


back in reverse mode in a very short time and this reverse bias is 


Maintaineg 
As shown in Fig. 4.7(b), electron emission is time dependent and the relaxaton process changes the 
capacitance. By measuring the difference of capacitance between fy and tf, you can measure temperature 
dependence of the capacitance difference, That temperature dependence is called “DLTS" signay 
Electron 
capture 
. 
Electron emission 
| Zoom in Gk 
C, IF 
¢= 0 sec at the stan time VFI 
of clectron emission 
O sec 
Nsec sec 
FIG. 


4.7(b) ; PROCEDURE TO OBTAIN THE DLTS SIG! 


Fig. 4.7(c) shows how the capacitance transient is generated. 
When a reverse-bias voltage is applied across a Schottky diode, with depletion width W, the charge in 
the depletion region is contributed by both ionized impurities (shallow states) and deep level (defect) states. 
When a higher bias voltage pulse is applied, the depletion width decreases and there is a corresponding 
increase in the depletion capacitance, 


The deep states below the Fermi level are fi 


NAL 


ed by electron capture during the pulse, 
feverse bias, electros 
i stat 


the capacitance difference between ¢ = 0 
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Majority carrier trap 
FIG. 4.7) : APPLIED VOLTAGE AND CORRESPONDING CAPACITANCE TRANSIENT 


4.10.1 Deep Level Spectrometer : 
+ A block diagram of the Technologies Deep Level Spectrometer is shown in Fig. 4.8. 
+ The capacitance meter used a 1 MHz test signal. 


+ It ean {olerate a maximum forward current of 30 mA during the filling pulse, and requires a reverse leakage 
current of < 100 1A to give an accurate value of the capacitance. 


FIG, 48 ; BLOCK DIAGRAM OF THE DLTS SYSTEM 
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Syllabus Topic : Band Gap by UV-VIS Spectroscopy Absorption / Transmission 
4.11 ULTRAVIOLET ~ VISIBLE (UV - VIS) SPECTROMETER : 
——————— ee i = SES) SPECTROMETER = 


A, Discuss UV - VIS method for band gap measurement of semiconductors. 

[January-2019, 2020, 7-Marks) 
using absorption or transmission. 
[May-2019, 7-Marks] 


2 Discuss the technique to obtain band gap by UV-V is spectroscopy 


To find the energy band gap of different samples by measuring the 
absorption spectrum, UV — VIS Spectro-meter is used. 


‘The term “band gap’ refers to the energy difference between the top of the 


Conduction band 

valence band to the bottom of the conduction band, Fig. 4.9, in which 

electrons are able to jump from one band to another. ? 

Measuring the band gap is important in semiconductor and Nanomaterial ¢ 

industries. The band gap energy for insulators is large (> 4 eV) but lower § Band gap 

for semiconductors (< 3 eV), 

A diagram shows the band gap is shown in Fig, 4.9. 
Valence band 
Density of states 

FIG, 4.9 ; EXPLANATION 
OF BAND GAP 
* UV - VIS spectrometer measures 


the intensity of light Passing through the 
to the calibrated intensity (Ip). 2 a 


~ VIS PHOTO SPECTROMETER 


It measures the intensity of light Passing through the sample (1) and com, 
* A light of wavelength (4) and Energy (hy) Is made to pass through my 
«It then passes through a sample cell, 


pares iL to the calibrated intensity (Ip). 


jonochromator to Seta parallel beam. 


+ The intensities of light from sample cell Is collected by the detector, 
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Monochromator Sample Detector 


Polyclromatic _- Monocliromatic transmitted 
Tight fight (lo) Tight 


FIG. 4.10.1 


‘The ratio of intensities is called transmittance (T). 


4 


‘The absorbance A is defined as, 


al me 


source of UV — VIS light is a tungsten lamp. When the current in the circuit gradually increased 
2er0. 

tungsten [amp filament at first can be felt to be emitting warmth, this shows dull red and then gradually 
i until it omits an intense white light. 


Bap energy, 


where, h = 6.62 x 10-4 Js 
c= 3 x 108 mis 
‘= 
+ Hence, E = LAAN” ev, 2 in meter 
ula, Band gap of any semiconductor material can be calculatcd. 


* From the above formi 
= Band gap can be calculated using Tye method as given below : 


E,y" 


inf t 


where, a = it = absorption co-efficient 


Ly 
T = Transmittance = @ 
x = thickness of sample 
E, = band gap of the material. 
Av = Photon Energy 
= The term ‘n’ in equation (3) denotes the nature of trunaition, 


Physics (Group-11) 
a 
Absorbance ; 
——e 
oy 
T= e® 


Where, I) = Intensity of glass plate 
I = Intensity of the coated glass plate/sample. 
# = thickness of sample 
5 = Skin depth of the material 
= [fA 


mp 
where, p = Resistivity (for AC, 2.8 x 10-8 Q-m) 
2 = Wavelength 
¢ = Velocity of light 
H = Absolute magnetic Permeability, (1.256 x 10° H/m), 


the energy gap of Si, given that radiation of wavelength 11,000 A is incident on it. 


Data : 
2 = 11,000 A 
A = 6626 x 10 Js 
c=3x 108 ms 
We know that 


Band gap Energy, Ex 4 


6.626 x10 x3 x10" 
* 11000107 mm 
= 18 x 10-197 


- [ey] 


1, Explain the four point probe method for 
(Refer Section-4.3) 


2, Explain the van der pauw method for measurement of resistivity of the materials, (Refor Section-4.4) 
3. _ Explain the how to perform Hall measurement by van der pauw method, (Refer Section-4,6) 


Mensurement of resistivity of semiconducting materials, 
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Explain Hot point probe measurement for semiconductor. (Refer Section-4.7) 

Write short notes on C-V measurement and how to determine semiconductor parameter, 
(Refer Section-4.8) 

Explain diode I-V characteristics, (Refer Section-4,9) 

Write short notes on Deep Level Transient Spectroscopy. (Refer Section-4.10) 


Explain how to measure the band gap of the semiconductor sample using UV-VIS. 
(Refer Section-4.11) 


GTU QUESTIONS AND ANSWERS 


Note to the Students : 
+ Below Questions are from previous GTU Examination Papers 


1. What are hot probe method. 

Ans. : Refer Section-4.7 

2. Explain experimental procedure for DLTS. 

Ans. : Refer Section-4.10 

3. Why two probe method for resistivity measurement failed and hence explain four probe method. 
Ans. : Refer Section-4.2 

4, Discuss UV — VIS method for band gap measurement of semiconductors. 

Ans. : Refer Section-4.11 


5. What is deep level transient spectroscopy (DLTS) ? Give its experimental procedure. 


‘6. Discuss the technique to obtain band gap by UV-V is spectroscopy using absorption or transmission. 
Ans. : Refer Section-4.11 

7. What sre capacitance voltage measurements ? 

Ans. : Refer Section-4,8 

8. Discuss Van Der Pauw method. 

Ans + Refer Sectlon.d.4 

9. Define Hall effect and Hall coefficient, Derive equation to find Hall voltage. What does it signily ? 


Ans. 1 Refer a 
10, Calculye 
find pric. thergy gap of Si, given that radinion of wavelength 11,000 A is incident on it, Alo 


Ans. + Refer for Ge with energy gap 0.90 eV. 
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110 y: proup- 


M1. Define Hall effect. Give its physical sigi 
Ans. : Refer Section-4.5.2 


icance, 


12. 2.0 cm wide and 1.0 mm uf 


to the strip. Suppose a curre: 
across the strip ? (n = 8.4 


Ans. : We know that Ry = 


Ruy 


hick copper 
nt of 200 A 
x 1028 


strip is placed in a magnetic field 1.5 Wb/m? perpendicular 


is set up in the strip what will be the Hall Poter 
¢lectrons/m3), 


Vut 
IB 
il 


(1) 


- (2) 


ntial appeared 


ne 
Compare equation (1) and (2) we get 
1 


ne 


t 


Vu 
y 200 x 1.5 
NY 84 x10® x 1.6 x10 x 10% 
13. Discuss UV-VIS method for band 
Ans. : Refer Section-4.11 

14. Explain four probe method, Deriv 
Ans. : Refer Section-4.3 


Bap measurement of semiconductor, 


‘© an equation to calculate resistivity of a thin sample. 


15. Explain UV — VIS spectroscopy and how to find energy band gap of a m, 


Ans. : Refer Section-4,11 


16. Describe Hall Effect with a Suitable diagram, 
Ans. : Refer Section-4.5.2 


terial from this technique, 


ple is 7.21 x 10-3 ohm m. 
at the magnitude of charge on clectron 


Note : Also Refer GT 
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5.1_INTRODUCTION TO SUPER CONDUCTOR: }GTU. January-2019] 
CONDUCTOR : 


1. Define Superconductivity and critical temperature. 


* We know the Ohm's law, 


where, R= resistance 


[January-2019, 3-Marks| } 


V = voltage 
2 1 = current 


A superconductor is a material that 
with no resistance, 


* — So, in a superconductor, 
* So if we putting R = 


can conduct electricity or wansport electrons from one atom to another 


the electric resistance is equal to zero (R = 0). 
0 in above equation, we gt V = 0. 
So, Superconducting materials Carry current with 


no applied voltage. 
Superconductor : 
—encton : 


= Ic is a material that loses all its resistance (offers zero Fesistance) to the flow of electric current when 
it is cooled below a certain temperature called the critical temperature (T). 


Example : Mercury, Zinc, Niobium, etc. 

Critical Temperature (T): 

- The temperature at which a material's cl 
temperature or transition temperature. 

* It is denoted by T.. 


Syllabus Topic : Introduction of Superconductivity 
5.2_SUPERCONDUCTIVITY : 
24 SUPERCONDUCTIVITY : 


e Define Superconductivity and critical temperature. (January-2019, 3-Marks] 


° ‘Superconductivity was discovered by Dutch 
Physicist Heike Kamerting Ones in 1911. 
He was awarded the Nobel Prize in Physics 
in 1913 for his low-temperature research. 
° He found that when pure mercury (Hg) was 
Placed in liquid helium, than Mercury (Hg) 
suddenly Jost its resistivity at 4.2 K. It was: 
found to be 10°? Qem. 
* Some materials toose its resistivity when 


they are kept below certain tomperature. 
This phenomenon is known 
“Superconductivity”, 


lectrical resistivity drops to absolute zero is called the critical 


Heike Kamerlingh Onnes 
(1853 -1926) 


He was a Dutch physicist. Ho 
Giscoverered the concept of 
Superconductivity, in 1914 
Kamertingh Onnos Measured 
the olectrical sonductivity of 
Pure metals (mercury, and latar tin and load) at very low 
temperatures, Ho found that at 4.2 K the resistance in a solid 
mercury Wire Immervod in liquid helium auddonly vanished Mo 
Published articios about the phenomenon, Initially rotening to 
Nae “supraconductivity* in 1913 he feceived the Nobel Prize 
in Physics. 


Heike Kamertingh Onnes 
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Sepereonety — 


Resistivity (9) (Mem) 


Vik Critical temperature (To) 


42K Temperature (K) 


—— 


FIG. 5.1 : RESISTIVITY V/S TEMPERATURE FOR SUPERCONDUCTOR AND NORMAL CONDU 


“TOR 


The value of temperature where resistivity of material becomes zero is known as “Critical temperature 
(T)” of that superconducting materials. 


Syllabus Topic : Properties of Superconductors 


5.3, PROPERTIES OF SUPERCONDUCTORS : « 


1. Explain properties of superconductors. (January-2019, 2020, 7-Marks} 


* The various important properties of superconductors are given below : 
. Electrical Resistance 
. Effect of Magnetic Ficld 
}. Meissner Effect 


}. Pressure Effect 
. Impurify Effect 
. Isotopic Mass Effect 


5.3.1 Electrical Resistance : 


‘The electrical resistance of a superconducting material is very low and is of the order of 10-7 Q. 


Syllabus Topic ; Effect of Magnetic Field 
5,3.2 Effect of Magnetic Field : 


When a super conductor is placed in a strong magnetic field, its Superconductivity destroys at a particular 
value of external magnetic ficld. 


If a substance is in super conducting state below its critical temperature T, (T < T.) and sufficiently strong 


Magnetic field is applied, the super conductivity state disappears and the substance returns to nor 
conducting state. 


“The minimum value of magnetic field required to destroy the superconducting state is called the critical 
{ magnetle field H,”. 
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us 


‘The critical magnetic 
tion of temperature. 


field of a superconductor is a 


- (1) 
Where Hy is the critical field at T = 0 K, 


‘The critical field decreases 
and, becoming zero at 


and is Non-super-conducting (normal 
the curve. 


Physics Group.t), 


HIG, 5.2 


$33 Meissner Effect : 
ect 


When superconductor is 


‘This is known as “Meissner effect”. 


z 


lagnetic Field 


TeTo and Hel 
(a) Normal State 
FIG. 53 


The magnetic induction inside the specimen is given by 


Syllabus Topic : Meissner Effect 


Placed in an external magnetic fic 


eld, it expels all magnetic flux lines from it. 


I) at room temperature, the Magnetic 
ig. 5.3(a). 


T<Te and H<i, 
(b) Super-conducting State 


5 


"B = magnetic field induction 

H = magnetic field intensity 

M = magnetisation vector and 

Ho = permeability of free space = 4x x 10-7 H/m 

+ We know that B = 0, inside superconductor when T < T,. 
0 =) (M+) 

M=-H 


- B) 


4) 
HT Xm 


SO Xm 
Thus, this means that, for a super conductor the susceptibility is negative and maximum. i.e, super conductor 
exhibits perfect diamagnetism. 


Syllabus Topic : Impurity Effect 


Impurity Effect : 


Impurity of material directly effects critical temperature (T_) of matericl. As impurity of a matcrial increases, 
its critical temperature value (T,) decreases. 


534 
: 


* For example, if pure mercury shows superconductivity state at 4.2 K, than impure mercury will show 
this state below 4.2 K. As impurity increases in mercury, value of T. will shift towards 0 K. 


Syllabus Topic : Pressure Effect 


5.3.5 Pressure Effect : 


+ Some materials behave as superconductors when they are placed under Pressure. For example, 
Not superconductor in normal atmospheric pressure at 1.5 k, but when 110 k bar Pressure is 
Cs, it shows superconductivity, below its T, value. 


cesium is 
applied on 


Syllabus Topic : Isotopic Mass Effect 
5.3.6 Isotople Mass Effect : 


* — The critical temperature (T,) of a superconductor is found to vary with its isotopic mass, 
* The relation between T, and the isotopic mass is given by 


where, M is the isotopic mass, 


Le, The transition temperature is inversely proportional to the squire root of the isotopic miss of a si 
Super conductor, 
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+ The phenomenon of decrease of critical temperature with increasing atomic mass is called isotopic mass 
effect. 


5.3.7 Persistent Current : 
——— rent = 


Consider a superconductor ring placed in a magnetic field. 


When it cooled to below the critical temperature, it becomes 
superconducting. 


* The extemal field induces a current in the ring. 
* When current is made to flow through a super conducting ring 
which is at a temperature either equal to its T. value or less than 


its T, value, it was observed that the current was flowing through 
the material without any significant loss in its value. 


FIG. 5.4 : PERSISTENT CUR! 
This steady flow of current in a superconducting ring without any EFFECT IN SUPERCONDUCTOR 
Potential deriving it, is called the persistent current. 


5.4 CRITICAL CURRENT AND CRITICAL CURRENT DENSITY : 
CURRENT DENSITY = 
1. Critical Current (I) : 
eee se 


* When a current is passed through a conductor under Superconducting state, a magnetic field is developed. 


If the current increase beyond certain value the ma; 
Conductor retums to its normal state. 


ignetic ficld increased up to critical value at which 


This value of current is called critical current. 


where, I. = Critical Current 
7 = Radius of Superconducting 
H, = Critical Magnetic Field 
2. Critical Current Density (J,) 


*  Itis defined as the maximum current that can be permitted in a su; 


perconducting material without destroying 
its superconductivity state. 


The relation between critical current density (J,) and critical current (I,) is given by 


where, A = Superconductor Cross Section Area 


Syllabus Topic : BCS Theory ; 
==_BARDEEN, COOPER AND SCHRIEFFER (BCS) THEORY : LGTU, Jan. 2019, Nay-2019) 
1. Explain ‘Mechanism 

of [January-2019, &-Marks] 
2 Expltin BCS theory Se [Muy-2019, 4-Marks] 


Ped by Bardeen, Cooper and Schrieffer. 


Superconductivity Ly 
+ This theory states that the John Bardeen (1908 -1991) 
electron experience special kind 
of attraction Interaction, 
overcoming the coulomb forces 
off repulsion between them, as 
a result Cooper pairs. 


= At low temperature, these pairs 
move without scattering 
without any resistance through 
the lattice points and the materials 
become superconductor. 


again in 1972 with Leon N 
‘Schrieffer for a fundamental theory of conventional) 
superconductivity known as the BCS theory. 


Leon N Cooper(1930) 


John Robert Schrieffer (1931) 

° Here the electron — lattice — He was educated at the Massachusetts Institute of 

electron interaction should be Technology, Cambridge He is an American physicist 

w 1 nd Leon N , was a 

Siconges than lectron electron ea Mees cn oe the 1972 Nobel Prize. in” Physics. ft 

interaction. FF] davoloping the BCS theory. the first successful quantum 
Robert Schrietter Ory of superconductivity 


* ROBERT SCHAIEFFER 


JOHN BARDEEN * LEON N COOPER 


1.__Electron — Lattice — Electron Interaction : 


© When an electron (1*) moves through the lattice. it will be attracted by the core (+ eV charge) of the 


lattice. Due to this attraction, ion core is disturbed and it is called as latte distortion. The lattice vibrations 
are quantized in terms of phonons. 

Perec a region ck kacxesxed postive chaps Tess , 0 2. 2 0 
another electron (24) moves through this region as shown in Fig. 5.5. ! Sieeton, 2 electron 
It will be attracted by the greater concentration of positive charge and fo) [o} fe) 
hence the energy of the 2™ electron is lowered = 

Mice 
Hence the two electrons interact through the lattice (or) the phonons ficld fe ALAS 
resulting in lowering of energy of the electron. This lowering of energy 
FIG. 5.5 


implies that the force between the two clectrons are attractive 

This type of interaction is called Electrons ~ Lattice ~ Electron interaction, The interaction is strong only 

when the two electrons have equal and opposite momentum and spins. 

2. Explanation : 

* Consider the 1 electron with wave vector k distorts the lattice, there 
by emitting a phonons of wave vector g. This result in the wave vector 
k —q for the 1* electron. 

* Now if the 2” clectron with wave vector k’y secks the lattice, it takes 

Up the energy from the lattice and its wave vector changes to k + q 


Pe eects ciessas aiid whic voc F-piand FIG. 5.6 : ELECTRON- 
as shown in Fig. 5.6. Two clect i * PHONON INTERACTION 


q from a pair of electrons known as Cooper pairs. 


3,__ Cooper pairs a 
* The pairs of electrons formed due to electron — lattice — electron (phonons), electron — electron interaction 
(forces of attraction) by overcoming the electron — electron interaction (force of repulsion) with equal 


and opposite momentum and spins i.e., with wave vector k ~ q and K’ + q are called cooper pairs 
4. Coherence length = 
* Inthe electron — lattice — electron int ; 
and their co-relations may persist over lengths of maximum of | 


eractions, the electrons will not be fixed, they move in opposite directions 
0-6 m. This length is called coherence length 
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SyllaSts Topic ; Penetration Depth 


5.6 PENETRATION DEPTH : 
SN DEPTH 


GTU, M 


1, What is London penetration depth ? Derive its equations. (May-2019, 4-Marks} 
2, Explain London's Penetration depth. [January-2020, 4-Marks| 


+ When a magnetic field is applied to a super conductor, the applied field does not suddenly drop to zero 
at the surface, 


* Instead the field decays ¢€xponentially according to the formula 


[ray = Hoe | =) 


where, Hp = field applied at the surface at x =0, 
* = distance from the surface. 
4 = the Penetration Depth. 


It is also defined as the distance in which the field decreases by the factor 


* — The Penetration depth 2 varies from 300 to about 5000 A depending on the m 
of frequency of the magnetic field but it strongly depends on temperature. 


* The temperature dependence of A is given by the relation 


where, 27 = Penetration depth at TK and Ao = Penetration depth at 0 K. 


* At low temperatures, 2 is nearly independent of temperature. As the temperature approaches the transition 
temperature A increases rapidly and approaches infinity, 


falerial. It is independent 


Br2) 


Syllabus Topic : Josephson Junction 


5.7_JOSEPHSON JUNCTION : | GTU, May-2019] 
EON JUNCTION = 

1._Write a note on metal semiconductor junctions. 

. 


[May-2019, 7-Marks] 
When two superconductor are separated by an insulating 
layer between them, this is called Josephson Junction 
(superconductor - insulator — superconductor). 


FIG. 5.7 + JOSEPHSON JUNCTION 


Brain David Josephson 
Brian David Josephson (1940) 


Ho Is a professor of physics at the University 
of Cambridgo. He is known tor his work on 
Suparconductivity and quantum tunnelling, he 
was awarded tho Nobol Prize in Physics in 
1973 for his pradiction of the Josophson etfect, 
madio in 1962 when he was a 22-year-old PhD 
student at Cambridge University. 


BRAIN DAVID JOSEPHSON 


Superconductivity 
5.7.1 Josephson Effect : 


2-7-1 Josephson Effect + 
: volage is applied 10 contact Ee | 
a of nperondictors (Eigs(98) electrons Oxide insulator 
will flow from one superconductor to another 
through oxide insulator. This phenomenon is ‘Superconductors 
known as “Josephson Effect”. 
* The insulator normally acts as potential 
barrier to the flow of electrons from 
conductor to the another 
pete FIG. 5.8 : JOSEPHSON EFFECT 
If this barrier is sufficiently thin there is significant probability that an electron can cross the barrier, even 
if its energy is less than the height of the barrier. 
There are two types of Josephson effect : 
DC Josephson effect : 


Even if an external electrical field has been removed from Josephson junction, DC current flows from 
One superconductor to another through oxide insulator. This effect is known as “DC Josephson effect”. 
AC Josephson effect : 


When an external electric field is applied on both the sides of Josephson junction, current passes from 


one superconductor to another through oxide insulator with high frequency. This effect is known as “AC 
Josephson effect”. 


If applied potential difference across the junction is 2 eV then frequency of current is given by, 
eV 


Syllabus Topic : Application of Josephson Junction ‘ 
eee ee aos OF Josepiison Tunctiog 


5.8 APPLICATION OF JOSEPHSON JUNCTION : 
a  SUNCTION = 


1. Give information and applications of SQUID. 
2, GWrite shor note on SQUID, 


[May-2019, 3-Marks] 
(January-2020, 3-Marks] 


‘Voltage drop across juaction 
FIG, 5.9 + SCHEMATIC DIAGRAM OF SQUID 


OO 
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* SQUID works on a principle of Josephson effect. 

* SQUID is known as “Superconducting Quantum Interference Device”. 

* [tis a magnetometer which measures small change in magnetic field as well as of voltage. 

* When current is passed from one side of Superconductor it flows equally through both the branches of 
SQUID through Josephson junction. 

* Current passing through the Josephson junctions is very sensitive to magnetic flux. Therefore change in 
magnetic flux will lead to change in current and hence voltage developed across Josephson junction 

Construction ; 


As shown in Fig. 5.9, two superconductors and thin oxide insulation are arranged in such a way that, 
they form two parallel Josephson junctions 


* This arrangement is connected to measuring devices which can measure nominal change of voltage and 

magnetic ficld across junction. 

Working + 

* The current passing through the SQUID is very sensitive to magnetic flux passing normally through the 
closed circuit. 

* So, an extremely small magnetic flux can be detected with this device. 


* As magnetic flux, current and voltage are dependent on cach other, we can measure any one when other 
is known to us. 


Application = 

* SQUID can detect very small changes in quantities like voltage (upto order of 10-!5 V) and magnetic 
field (upto order of 10-2! T). 

* It can detect weak magnetic field produced by biological current like human brain. 

* It is also used to measure magnetic field of earth and to detect mineral and oi 


id inside earth. 
* In recent space exploration activity, to detect gravitational waves space shuttle was equipped with SQUID 
arrangements. 


5.9 THREE IMPORTANT FACTORS AFFECTING THE SUPE) 
* The important factors affecting superconducting state are : 


‘ONDUCTING STATE ; 


1, Critical Temperature T, 
2. Critical Current Density Je 
3. Critical Magnetic ficld HH, 


Each of these parameters are very dependent on the other 
two properties. If T < T,, J < J, and H.,, < H,, then there 
will be Superconducting state. 

We can Prepare a surface in three dimensional ‘space’ 
defined by T, H.,, and J as shown in. Fig, 5.10. 

* — The highest values for H, and J, occur at 0 K, while the 

highest value for T, occurs when H and J are zero. 

: ae tas shown in Pig. 5.10 is called critical surface 
re +H) points within the surface give superconducting 


The points ouiside the surface give normal states. HIG. 5.10 
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5.10 TYPES OF SUPERCONDUCTORS : 
————— eee” 


® There are two types of superconductors : Type-I and type-II. There is no difference in the mechanism of 
‘superconductivity in both the types. Both have similar thermal propertics at the transition temperature in 
‘zero magnetic field. 


* ‘There are thirty pure metals which exhibit zero resistivity at. 


* Low temperatures and have the property of excluding magnetic fields from the interior of the superconductor 
(Meissner Effect). 


They are called Type-I superconductors. Type-I superconductors are described by the BCS theory. 


in 1930 with lead-bismuth alloys, a number of alloys were found which exhibits superconductivity; 
iD they are called type-II superconductors. They were found to have much higher critical fields. 


Type-l Superconductors : 
~ “Type-I superconductors exhibit complete Meissner effect i.e. they are completely diamagnetic. 


Ta type superconductors, the transition from Superconducting state to normal state in the presence of 
gpetic field occurs sharply at the critical value of H,, as shown in Fig. 5.11(a). 


* Fig. shows the magnetization curve for soft Superconducting materials. 


‘Applied Magnetic Field (1) ——— 
(b) Type-II superconductor 


FIG, 5.11 


‘The values of HH, for type-I superconducting materials are always too low. 
* I shows thar the 


Ho, the ‘Wansitiog at H, is reversible which means that if the Magnetic field is reduced below 
‘matetial again acquires the superconducting Properly and the magnetic ficld is expelled. 
* Aluminium, teag ond 


Jw for this type indium are examples of ‘Type-1 superconductors, The aritical fold Ml, ix relatively 
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are perfectly di agnetic 
have only one critical field. At the critical field the magnetization drops to zero. 
critical field is of the order of 0.1 Wb/m?. 


‘superconductivity was discovered by Schubnikov in 1930s and’ was explained by Abrikosov 


=H superconductor, also known as hard Superconductor is characterized by two critical fields HH, and 
H.. < H.< HJ. 


ts in three states : superconducting, mixed and normal. 


ansition from superconducting state to normal state occurs gradually as the magnetic field is increased 
to K,,, as shown in Fig. 5.11(b). 


in applied field below i, the material is perfectly diamagnetic and hence the field is completely 
ded Hi, is called as lower critical field. 


A yr the field starts to thread the specimen and this Penetration increase until H.. is reached at which 
the magnetization vanishes and the specimen becomes normal. H., is called the upper critical ficld, 


* In the region between H,, and H,,, the material is in the mixed stale or vertex slate. 


The value of Ln for type-II may be 100 times more or even higher than that of type-I superconducting 
material, 


* As H,, and T, of this materials are higher than that of type-I superconductors, the type-II Superconducting 
materials are most widely used in all engineering applications. \ 


* — This materials are also called as hard superconductors because of relatively large magnetic field requirement 
to bring them back to their normal state. 

Characteristics of Type-II Superconductors ; . 

a a a ia el 
1. They have wo critical magnetic fields, The material is perfect «liamagnetic below the lower critical 


field, H1,,. Meissner effect is complete in this region. Above the upper critical field, T,,, magnetic 
flux eaters the specimen. 


‘They exist In an intermediate sta in between the critical fields; IT,, and H,,. The intermediate state 
is @ mixture of the normal and Superconducting state, magnetically bit electrically the material is 
‘B superconductor, : A ‘ 
3. The upper critical field is very high and in of the order of 200 Wb/m?, 
Applications : 


1. They are used in applications of generating very high magnetic fields. 
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5.103 Comparison Between Type-I_ and Type-II Superconductors : 


GTU, May-2019, Jan. 2020 


| 1. Differentiate between soft and hard superconductors. 


|2 Give the difference between type 1 and type 2 superconductor. 


[May-2019, 3-Marks] 
[January-2020, 7-Marks} 


Type-I Superconductors 


“Type-Il Superconductors 


These superconductors are called as 
Superconductors. 


soft | 1. 


These superconductors are called as hard 


superconductors. 


2 They exhibit complete Meissner effect. 

3. Only one critical field exists for 
superconductors. 

4. In type-I, transition at H_ is reversible. 


2. They do not exhibit complete Meissner effect. 
. Two critical field He, (lower magnetic field) and 
HK, (Upper magnetic field) exists, 

4. In type-II, the state H, and H,,. So above H.,, 
means between Hc, and H_, transitions is not 
reversible. 

5. The critical value is very high of the order of 10 
Tesla, 

6, They have wider technological applications 
because of very higher ficld strength value. 

7, Nb,Ge, Nb,Si etc. are examples. 


these 


» 


5. The critical field value is very low of the order 
of 0.1 Tesla. 


6. These materials have limited technical applications 
because of very lower field strength value. 
7. Lead, Tin, Mercury are examples. 


5.11 HIGH T, SUPERCONDUCTORS : 


* Superconductors are divided into two categories : 


1. Low temperature Superconductors 
2. -High temperature Superconductors 


The term high-temperature superconductor was first discovered 
by Johnson George Bednorz and Karl Alexander Muller in April 
1986, for which they won the nobel prize in Physics. 

They Prepared certain compounds of copper oxides and achieve 

critical temperature upto 30 K. The compound Y,Ba,Cu,0, 

(YBCO, 123 compound) was discovered in 1987. 

It had transition temperature 93-95 K, This is above liquid 

nitrogen (77 K) temperature, 

The superconductors with T, > 77 K are generally known as 

high (cmperature superconductors, 

* For example Pp ¥Sr,Cu,Og (T, = 77 K} Hg - Ba-Ca-Cu-O 
compounds [T. = 130 ~ 135] etc. the highest transition 
temperature attained, So far is 138 K in thallium doped mercuric 
Suprate comprised of Hg, Ti, Ba, Ca, Cu and O, 

* The detailed structural 

techniques, 

The structure of this compound is shown in the following Fig. 5.12. 

-~ om. 's dhe unit cell of crystal of Y,Ba,Cu0,, 
te W6 only one Y stom in the unit cell. It is shown by @ 


FIG, 5.12 
investigations of ¥ ,1,Cu,O, crystal is done by X-ray and neutron powder diffraction 
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- ‘There are eight comers of the unit cell. Each corner is common to 8 unit cells. 


i 


Then contribution to each unit cell from each comer + atoms. Therefore, contribution to a unit cell from 


8 


8 comers is 1 Cu atom denoted by &. There are also 8 Cu atoms on the edges, Each edge is common 
to four unit cells. Hence contribution from each atom on the edge to the cell is + atom. Therefore total 


contribution from edges to the unit cell is 2Cu atoms. 


4 


Total number of Cu atom is 3. There are two Ba atoms per unit cell and they are denoted by @. 


F ats = 
There are cight oxygen atoms on vertical edges. Their contribution to unit cell is = = 2. There are 9 


4 


atoms of © on the faces of the unit cell. Each face is common to 2 unit cells. Hence total number of 
‘oxygen atoms is 2 + $ = 6. Hence, there is one ‘molecule’ of Y,Ba,Cu,0,. 


Perovskite superconductors which contain CuO planes are highly brittle. They can be grown as ceramic 


materials. They loose superconductivity by magnetic field which is slightly stronger than the magnetic 
field of the earth. 


SALI Properties of High Ls Superconductors : 
Some of the properties of high T,, Superconductors are as follows : 


vabp- 


The high T. Superconductors are brittle in nature. 

The magnetic properties of these materials are highly anisotropic. 

The properties of the normal state of these materials are. highly. anisotropic. 
The hall co-efficient is positive indicating that the charge carriers are holes, 
The isotope effect is almost absent in these materials, 


Syllabus Topic : Applications of Superconductors 


Sr ee nT 
Ss 


3.12 APPLICATIONS OF SUPERCONDUCTORS : 
— Et PORS + 


Due to the unique properties of Superconductors they find applications in Several ficlds. 


\. The Superconducting wires and cables are used in 
Z— itl used to make electrical switching element to swi 


x 


transmission of electrical power. 


Superconducting 


used for Magnetic Resonance Imaging [MRI] in medical fie 


Ids with low power conduction and they are 
in chemical anal 


Id. Medical Resonance Spectroscopy [MRS] 
fic tests and research equipments. 


mepesl ‘Superconducting materials are Very useful to produce intense Magnetic fields. Materials such 

S ‘Ti alloys are used to manufacture solenoids. A field of 20 Wb/m? can be Produces with Nb,Sn. 
are used to fabricate magnets for hi 

and other such ae ie for high energy particle accelerat 


Magnetic Levitation [Maglev] s Magnetic levi 
‘object with no other Support but magnetic field, 

L) fos eat of Maglev is bused on Meissner effect. We know that in Meissner effect, the 

Papp eats OUul from the superconductor, In simple words, a Superconductor repels: 


By utilization of levitation from Magnotle field rey 
levitated trains. These trulne ta 


lors, lasers, infrared detectors 


Ttatlon is the process by which an object is suspended 


Pulsion they are used in high speed magnetically 
Vol at @ speed of about S00 knvh, 


Superconductors can act as relay or switching system in a computer. They can also be used as a 
memory or storage element in computers. 


critical temperature of mercury with isotopic mass 199.5 is 4.185 K. Culculate its critical 
when its isotopic mass is 203.4. 


= FAR where M is the isotopic mass. 
So, we can write JM; T, = JM; T, {2 JM; T. = constant] 
My 
> a (FE) *% 
= x 4.185 
Example-52 + 


Calculate the critical current flowing through a long thin superconducting wire of radium 0.5 mm. 
‘The critical magnetic field is 7.2 KA/m. 


Solution : 
Given H, = 7.2 KA/m = 7.2 x 10° Alm 
r= 05 mm =05 x 103 m 
I=? 
We know that 
1, = 20 Hi, 
=2x3.14 x05 x 103 x 7.2 x 103 


Esample-53 1 
sean cal Mmperature of Sn ls 327K, At zero Kelvin the critica Meld ty 0.0306 T. Calculate the 
Solution + 
Given T, = 3.7 K, 
Hy = 0.0306 T 
H=7 
T#2K 
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= “(8 
~coml(a] 


= 0.0306 [1 - 0.29218] 
= 0.0306 x 0.70782 


Given Hy = 4.1 x 107 tesla 
H, = 3 x 10 tesla 
T=23K 

We know that 


ef] 
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f S52 
i S552 of 2.07 V is applied across a Josephson Junction. Find out the frequency of current across 
the junction. 
Solution : 
Given V=207V, v=? 
We know that 
2eV 


e v= — 


= 2X16 x10 x2.07 
6.62 x10" 


= [o.0010x10" Hz] 
Exomple-5.6:: 


Calculate the critical current for a wire of lead having a diameter of 1 mm at 4.2K. The critical 
temperature for lead is 7.18 K and Hyg) = Hy = 65 x 10* A/m. 


Solution : 
Given T=42K 
T, = 7.18 K 
Hy = 6.5 x 10% Alm 
d=tmm=1x 103m 
We know that 


“=o 
veel] 


= 4.28 x 10* A/m 
> ‘The critical current 
I, = 2nr Hi, 
andi. 2r = d) 
= 3.14 x | x 109 x 4.28 x 104 
a I= 
ae pare maeenatars Of Nb Is 9.15 K, At zero kelvin, the critical Meld is 0.196 ‘T. Calculate the 
Solution ; 
Given 1, © 9.15 K 
T=6k 
Ho = 0.196 T 
H=? 


EE ETS "=e 
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= 

a 

& 
= > 
= 

ala 

— 
peasy) 


6 
osse('-(585 } 
= 0.196 [1 — 0.4299} 


= 0.196 (0.5701) 
H.=0.1117T 
Beeeple 5.8 : 
‘The critical current density equal to 1.71 x 108 A/m? is required to change @ superconducting wire 


of radius 0.5 mm at 4.2 K. If the critical temperature of the material is 7.18 K, calculate the maximum 
value of the critical magnetic field. 


Solution = 
Given Data : 
Critical Current Density, J, = 1.71 x 108 A/m? 


Critical Temperature,  T, = 7.18 K 
Temperature, T=42K 
Radius of wire, r=05x 10m 
Critical Magnetic Field, H. = ? 
Critical current density, pods 20) 
ur 
But critical current, I, =2n-r-H. w+ (2) 


Now, substitute equation (2) in (1), we get 


nr 
2-H, 
po 
re _ 0.5x10™ x1.71x 10" 
= eee 


= | 0.4275x10° A/m 


1. Define superconductor, (Refer Section-5.1) 
2 What do you mean by critical temperature in superconductivity ? (Refer Section-5.2) 


3. Explain the propenics of superconductors. (Refer Section-5.3) 
4.” Define the followings : 


(1) Effect of magnetic field, (Refer Section-5.3.2) 


(2) Critical current. (Refer Bection-$.4) 

(3) Meisener effect, (Refer Section-5.3,3) 

(4) Mass effect. (Refer Section-5.3,6) 
(5) Critical current density. (Refer Section-5,4) 
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What are type-I and type-II superconductors. (Refer Section-S.9) 
6. Compare type-I and type-II superconductors. (Refer Section-5.9.3) 
7. What are high T, superconductors ? Explain the crystal structure of the high T, superconducting oxide 


YBCO system. (Refer Section-5.10) 
8. Explain Josephson effect ? Distinguish between d.c. and a.c. Josephson effects. (Refer Section-5.6) 


9. Give few important applications of superconductors. (Refer Section-S.11) 
10. Explain BCS theory. (Refer Section-5.5) 


GTU QUESTIONS AND ANSWERS 
Note to the Students : 


= Below Questions are from previous GIU Examination Papers 


1. Explain mechanism of superconductivity. 

Ans. : Refer Section-5.5 

2. Explain properties of superconductors. 

| Ans. : Refer Section-53 

3. Define superconductivity and critical temperature. 

Ans. : Refer Scction-5.1 

4, The critical temperature of Nb is 9.15 K. At zero kelvin, the critical field is 0.196 T. Calculate the 
critical field at 6 K. 

Ans. : Refer Example-5.7 


5. Give information and applications of SQUID. 
Ans. : Refer Section-5.8 

6. Differentiate between soft and hard superconductors. 

Ans. : Refer Section-5.10.3 

7. What is London penetration depth ? Derive its equations. 
Ans, : Refer Section-5.6 


8. The critical current density equal to 1.71 x 108 Alm? i 
8 ? is required to change a superconduct re 

of radius 0.5 mm at 4.2 K. If the critical temperature of the material is 718K Raleniie ibd wantin 
value of the critical magnetic ficld. i fe the maximun 


Ans, + Refer Example-5.8 
9. Explain BCS theory for superconductiv 


Ans, : Refer Section-5.5 
10. Write a note on metal semiconductor junctions, 


Ans. ; Refer Section-5.7 (Zonas) 


'. Explain London's penetration depth. 
Ans + Refer Sectlon-5.6 ” 
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\2. Give the difference between type 1 and type 
Ans. : Refer Section-5.10.3 

13. Write short note on SQUID. 

Ans. : Refer Section-5.8 

14. Calculate the critical current 


for a Superconducting wire of lead having a diameter of 2 mm at2 K. 
Critical temperature for lead is 4 K and H, (0) = 6.5 «x 10* Alm 
Ans. : Given ; 


Te= 4K. T= 2K, My = 65 x 10! TH =? 


w= -(3y) 
rs esnof-()] 


He = 65 x 108 [1 — 0.25) 
6S x 108 (0.75) 
=48x 10'T 

= 20H, 


2 superconductor, 


” 


= 
" 


le = 2% 3.141 x 193 


= | 301444 
15. Explain the properties of su 


Perconductors in detail 
Ans, : Refer Section-5.3 


x 48 x 10% 


19. Explain 
(a) Type-I and ‘Type-I1 superconductors. 
Ans. : Refer Scetion-5.10.3 


(b) Low T, and High T. superconductors, 
Ans. : Refer Section-5.11 


{c) SQUIDS and its applications. 
Ans. : Refer Section-5.g 


\ Note: 


Also Refer GT Paper Solutions at the End of the Book 


fa) 
(b) 


= 


(b) 


Ss 


(b) 


(b) 


Give assumptions of classical free electron theory. (Refer Section-1.6) 
Explain mechanism of superconductivity. (Refer Section-5.5) 


‘What is photovoltaic effect. Explain construction and working of solar cell. 
(Refer Section-3.8) 


Give difference between N type and P type semiconductors. (Refer Section-2.15) 
Derive an expression for joint density of states. (Refer Section-3.6) 
Explain Kronig Penney model in detail. (Refer Section-1.16) 
OR 
Explain properties of superconductors. (Refer Section-5.3) 
What are hot probe method. (Refer Section-4.7) 
Explain fermi levels. (Refer Section-1.24) 


Explain classification of materials as conductors, insulators and semiconductors 
(Refer Section-1.21) 


OR 
Give difference between intrinsic and extrinsic semiconductors. (Refer Section-2.16) 
Explain drift and diffusion current. (Refer Section-2.9 & 2.11) 
Explain direct and indirect band gap with E-k diagrams. (Refer Section-1.20) 
Define superconductivity and critical temperature. (Refer Section-5.1) 
Discuss fermi golden rule. (Refer Section-3.7) 
Explain diffusion mechanism in detail, 
OR 
Define radiative and non-radiative transitions. 
Explain emission and absorption. (Refer Section-3.1 & 3.2) 
Explain experimental procedure for DLTS. (Refer Section-4.10) 


‘The critical temperature of Nb is 9.15 K. At zcro kelvin, the critical field is 0.196 T. Calculate 
the critical field at 6 K. (Refer Example-5.7) 


07 
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(b) Explain Drude model. (Refer Section-3.11) _ 04 


(©) Why two probe method for resistivity Measurement failed and hence explain four probe method. 
_. (Refer Section-4.2) 


07 
: OR - 
(a) Give success and drawback of classical free electron theory. (Refer Section-1.1 1) 03 
(b) Derive expression of electron concentration in conduction band. 
(Refer Section-233 & 234) 04 
(©) Discuss UV - VIS method for band gap measurement of semiconductors. 
(Refer Section-4.11) 07 


(©) 


(a) 
(b) 
(c) 


(a) 


(b) 
© 
() 
(b) 
{c) 


{a) 
(b) 


©) 


fa) 


Give formation and applications of SQUID. (Refer Section-5.8) 03 


Explain intrinsic and extrinsic semiconductors with necessary diagram. (Refer Section-2.3 & 2.5) 04 
What is PN junction diode ? What is external bias ? Describe its forward and reverse bias conditions 


with appropriate diagram. (Refer Section-2.12) o7 
What is photo conductivity, photoluminescence, phototransistor ? 03 
Calculate the energy gap of Si, given that radiation of wavelength 11,000 A is incident on it. 
Also find allowed wavelength for Ge with energy gap 0.90 eV. (Refer Example-4.1) 04 
Write a note on energy band diagram and formation of energy bands. (Refer Section-1.14) 07 
OR 
Define Hall effect and Hall coefficient. Derive equation to find Hall voltage. What does it signify ? 
(Refer Section-4.5.2) 07 
Differentiate between soft and hard superconductors. (Refer Section-5.10,3) 03 
What is London penetration depth ? Derive its equations. (Refer Section-5.6) 04 
Derive equations for n-type semiconductor to determine dependence of fermi level on temperature 
and doping concentration. (Refer Section-2.5.5) 07 
OR 


‘The critical current density equal to 1.71 x 108 A/m? is required to change a superconducting 
wire of radius 0.5 mm at 4.2 K. If the critical temperature of the material is 7.18 K, calculate 


the maximum value of the critical magnetic field. (Refer Example-5.8) 03 
Explain BCS theory for superconductivity. (Refer Section-5.5) 04 
Write a note on metal semiconductor junctions. (Refer Section-5.7) 07 
Write a note on exciton. (Refer Section-3.10) 03 
Give details of applications of solar cell (at least 4). (Refer Section-3.8.9) O4 
‘What is radiative and non-radiative transition. Explain in brief the optical joint density of states. 
(Refer Sectlon-3.6) 07 
OR 

What are direct and indirect band gap ? (Refer Section-1.20) 03 
‘What is deep level transient spectroscopy (DLTS) ? Give its experimental procedure. 
(Refer Section-4.10) O4 
Discuss the technique to obtain band gap by UV-V ix spectroncopy using absorption or transmission. He 
(Refer Section-4.11) 

03 


‘What are capacitance voltage mensurements 2 (Refer Scetlon-4.8) 


ee 
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3) Consider n-type silicon semiconductor with a length of 100 ym, 

minority charge cartier life time 10-® S, H, is 0.13 m?2/Vs and 
Find (1) Electron transit time, 


cross sectional area 10-7 cm?, 
My is 0.05 m2/ Vs. 04 


(2) Photo conductor gain when Voltage applied to the photoconductor is 12 V. 
(©) Discuss Van Der Pauw method. (Refer Section-4.4) 


07 
OR 
{a) What is the cause and remedy for optical loss in photovoltaic cell ? (Refer Section-3.9) 03 
(b) State principle and discuss working of semiconductor laser, 04 
(©) What is photovoltaic effect ? Explain ‘Construction and working of a solar cell with suitable diagram. 
(Refer Section-3,8) 07 
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(a) 
(b) 
(©) 
() 
) 


© 
() 
(a) 
(b) 
©) 


(a) 
(b) 


} () 
4. (a) 

(b) 

() 


4 (a) 
(b) 
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03 

Enlist the assumptions of free electron theory. (Refer Section-1.6) Py 5, 

Give the difference between Direct and Indirect band gap. (Refer ieaonen ) - on 
i tions in PN junction dis efer Section-2. 

Explain forward and reverse bias conditions in PN junction diode. (Refer es 


Section-2.3 & 2.5) 


Intrinsit insi iconductor. (Refer 
Define sic and extrinsic semic Wigs aad $87 107 (my! : 
0: 


The thermal and electrical conductivity of Cu at 20°C are 390 Wm" 
respectively, Calculate the Lorentz number. 


Explain Schottky diode in detail. (Refer Section-2.13) 07 
OR 
Explain the dependence of Fermi level on temperature. (Refer Section-2.4) a 
Explain Drude model. (Refer Section-3.11) 
Fermi energy of a given substance is 7.9 eV. What is the average energy and speed of electron e 
in this substance at 0 K ? 
Explain photovoltaic effect. With required diagrams discuss construction and working of solar fe 
cell, (Refer Section-3.8) 
OR 
Write a short note on exciton, (Refer Section-3.10) 03 


Consider two-dimensional square lattice of side 3.0 A. At what clectron momentum values do 
the sides of first Brillouin zone appear ? What is the energy of free electron with this momentum? 04 


Derive an equation of joint density of states, (Refer Section-3.6) 07 
Define Hall effect. Give its physical significance. (Refer Section-4.5.2) 03 


2.0 cm wide and 1,0 mm thick copper strip is placed in a magnetic field 1.5 Wb/m? perpendicular 
to the strip, Suppose a current of 200 A is set up in the strip what will be the Hall potential 


appeared across the strip ? (n = 8.4 x 10° electrons/m}). 04 
Discuss UV-VIS method for band gap measurement of semiconductor. (Refer Section-4.11) 07 
OR 
Discuss Fermi golden rule. (Refer Section-3.7) Os 
The transmitted intensity is 0.4 times intensity of incident light. If this light is incident on a 
semiconductor having a thickness of 0.5 cm then find absorption coefficient. 04 
Peel eee method. Derive an equation to calculate resistivity of a thin sample. & 
Write short note cryotron. Os 
Explain London's penetration depth. (Refer Section-5.6) 0a 
Give the difference between type 1 and type 2 superconductor. (Refer Section-§.10.3) 07 
} OR 
Write shon note on soup (Refer Seetion-5.4) 03 


Calculate the critical current for a superconduc’ 
perconducting wire of lead ha ote 2 
2K. Crical temmperature for lead is 4K and HI, (0) 65 x 10 Ain So MAGE alg 


Explain the properties of superconductors in detail. (Refer Section-§,3) 
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03 
intrinsic Semiconductor, How it will change in P-type and N-type 
semiconductors. Explain wit it 


04 
ard and reverse biasing by proper 
haracteristics. (Refer Section-2.12) o7 
2 @ Explain absorption, Spontaneous emission and stimulated emission in semiconductors with Proper 
Gsgrams. (Refer Section-31, 32 & 3.3) “e 
(©) Write down 4n expression for the Probability of ccupancy of a particular energy state of an electron 
in an intrinsic semiconductor, Explain it from the raph at 0° K and at room temperature. 
Refer Section-2.3,5) 4 
(©) Describe formation of Energy bands by using Kronig-Penney Model (Refer Section-1.16) 07 
2 @ Explain n-type and P-type Semiconductors with suitable dia; rams. (Refer Section-2. 15) 03 
iB 
(b) Explain direct band 8p and indirect band gap Semiconductors with proper E-k diagrams, 
(Refer Section-1.1 04 
(©) Derive an xpression for density of energy states in metals. (Refor Section-1 15) 07 
4 (a) Write down any three differences between intrinsic and ¢xtrinsic Semiconductors, 
(Refer Section-2.16) 03 
(b) Explain construction and Working of Schottky Junction. (Refer Seetion-2.13) 04 
©) eee Sexton sh Semiconductor Optoelectronic devices, their characteristics and ‘pplications, 
07 
5. (a) Explain law of mass action, (Refer Section-2,8) 
) Explais i i = 
(b) pla in aoe taic Effect and derive an xpression for Photo Voltage. (Refer Section.3,8,5) os 
© Write " various properties of Superconductors, (Refer Section. 5.3) 07 
6& (w Explain (i) Non-radiative ransitions and (ji) Excito, (Refer Seetion-3,19) 03 
) (ea) Construction and Working of a solar cell by proper dingrams and 1 — Vv characteristics 
© Explain uy -Vv 2 = 
; em arpeeoteoy and how to find energy band Bap of a Material from, this tee ‘hnique 
1 w ALO magnet ficld, «su i 4 
Perconducting Tin has a Critical ¢ 
magnetic field is 0,396 4" Calculate the critic 1 magnetic fein FST KAO K, est : S 
. ee nthe applications, of Superconductors, (Refer Seetion-s.12 i 
fc) Ve a formula for corrieg SONCENtation in py. iS i 
rlype Semiconductor, Refer s, * 
8. (a) Describe Hatt Effect with » Suitable diagrany, (Refer Scetion-4.s Bt a — A 
(0) Asem Ni Hall coxtfcient 3.75 x 10 «ym ivity of 
Calcutaye the mobi ace t eaistivity Of the Sample is 7.21 3 10} ohm m. 
secret if a ae density of charge carrigry, Given that the magnitude ‘of charge on 
04 
(c) Explain (ay Type And ‘Type. MUPEFCONGUCLONS, (Rotor Section.s.10,3) 02 
T, and High 'r, superconductors, (Rofer Section-s,11) 02 
©) sQuips 4nd its applications, (Reter Sectlon.s,g) 03 
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